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SUMMARY 
 
Transboundary pollution of biomass burning smoke is a recurrent issue affecting air quality at 
receptor site, such as Singapore.  In this study, daily PM2.5 collected in Singapore in 2006, 
2008, and 2009, and weekly size segregated particles sampled in 4 weeks of 2008 were 
chemically characterized.  Back trajectory analysis along with satellite images (haze maps) 
was employed to differentiate between smoke episodes vs. non-smoke episodes.  With a 
strong influence of transboundary smoke, PM2.5 was linearly correlated with visibility 
(R2=0.85), and PM10 to PM2.5 ratio substantially decreased.  Mass size distribution of 
particulates appeared in bimodal distribution, peaking at cut-off size of 0.38 and 4.1 µm.  
Transboundary pollution of biomass burning smoke reinforced size distribution with higher 
concentration, rather than altering distribution pattern.  Oxalates in PM2.5 were enhanced by 
2.5, 1.6, and 0.6 times due to the transboundary smoke in 2006, 2008, and 2009 respectively.  
Chemical characterization of size segregated particles showed that NH4+, K+, SO42- and 
oxalates dominated in fine mode particles (0.384 µm), whereas Mg2+, Ca2+, Cl-, NO3- 
occupied in coarse mode particles.  The concentration of major ions changed in the order of 
SO42- > NH4+ > NO3- > Cl- > K+ > Na+ > Ca2+ > Mg2+.  Appearance of both NH4+ and SO42- in 
droplet mode (0.384 µm) was attributed to condensation of NH3 on surface of acidic particles, 
and an unusual appearance of NH4+ in 0.029 µm (nuclei mode) in week 2 is observed.  K+ was 
highly affected by biomass burning smoke with higher fine-coarse ratio of K+ during smoke 
episodes.  Mg2+ and Ca2+ were mostly found in coarse mode particles; and significant 
enhanced under influence of transboundary pollution.  It indicated Mg2+ and Ca2+ were 
contributed from crustal particles which were re-suspended during burning process.  Cl- and 
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NO3- concentrated in coarse mode particles during the transboundary smoke episode.  
Oxalates showed unimodal distribution in background condition, bimodal distribution under 
partial effects of transboundary pollution, and trimodal distribution with full effect of 
transboundary pollution.  A high correlation coefficient (R2>0.82) between oxalates and SO42- 
in 4 sampling weeks suggested their in-cloud process formation pathway.  Enrichment of 
oxalates in 2.4 µm particles was attributed to heterogeneous formation on surface of sea salt 
particles, while their appearance in nuclei mode (0.057 µm) could be due to photochemical 
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Chapter 1: INTRODUCTION 
 
1.1  Introduction 
Singapore, a small island city-nation located at the southern tip of Malayan peninsula, is 
highly urbanized and industrialized.  The weather of Singapore is characterized with a 
relatively stable condition throughout the year due to its close proximity to the equator with 
high relative humidity (RH) (61-90%) and abundant rainfall (~2300 mm per year).  The 
maximum and minimum daily average temperature in 2009 was 31.1oC and 24.7oC, 
respectively (Yearbook of Statistics Singapore 2009).  There are two monsoon seasons in 
Singapore yearly: northeast monsoon season from late November to March and southwest 
monsoon season from late May to September.  From April to early May and October to early 
November are generally transitional months separating the two monsoon seasons.  During the 
northeast monsoon season, the wind direction of north to northeast dominates.  On the other 
hand, during the southwest monsoon season, the south to southwest/southeast wind prevails.  
Northeast monsoon season brings more rainfall, about 48% of the total annual rainfall; only 
36% of the annual rainfall occurs during the southwest monsoon season (Yearbook of 
Statistics Singapore 2009).  Depending on wind speed and direction, air quality in Singapore 
can be substantially influenced by transboundary pollutants from neighboring countries.  
The transboundary pollutants were originated from biomass burning in Sumatra and Borneo/ 
Kalimantan island for removing dry vegetation, clearing land, shifting cultivation, and 
converting forest to agricultural lands (Nichol, 1998).  From 1985 to 1997, there was a total 
loss of forest land area of 19 million hectares in Indonesia (Jones, 2006; Nichol, 1998).  In 
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1997 alone, there were over 40,000 hospitalization cases, mostly in respiratory issues, and 19 
cases of life loss in Indonesia are related to the episode of biomass burning smoke (Jones, 
2006).  In general, biomass burning releases a large amount of combustion products to the 
atmosphere (Crutzen and Andreae, 1990), which can affect regional climate pattern through 
changes in the local radiation budget and the hydrological cycle since particulates emitting 
from biomass burning can serve as cloud condensation nuclei (CCN), and influence formation 
and optical properties of cloud (Seinfeld and Pandis, 2006).  Nevertheless, the smoke of 
biomass burning in Southeast Asia region appeared unique because the composition of soil in 
the region, usage of land, and amount of biomass burning smoke (Granier et al., 1996, Gouw 
et al., 2004) substantially differs from that in other locations. Linuma et al. (2007) reported 
that the biomass burning smoke in Southeast Asia significantly differs from others of 
European conifers and peat, African hardwood, and savanna grass. In particular, the biomass 
burning smoke in Southeast Asia seems to unusual amounts of cloud condensation nuclei 
(CCN) close to the burning sites.   
Impacts of biomass burning on source region and receptor sites depend on several factors, 
including numbers of hot spots, intensity of fire, and meteorological conditions.  For example, 
the widespread forest fires can be particularly intense during dry seasons influenced by El 
Nino phenomenon (Jones, 2006), affecting air quality in Indonesia, Singapore, Malaysia, 
Thailand and southern Philippine.  
Initial studies of the biomass burning smoke in the region of Southeast Asia were conducted 
in late 1990s when episodes of biomass burning took place in 1994, 1997, and 1998 
(Radojevic and Hassan, 1999; Fang et al., 1999; Koe et al., 2001; Muraleedharana et al., 
2000; Abas et al.,2004; Radojevic, 2003; Narakawa et al., 1999; Radojevic and Tan, 2000).  
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In 1998, biomass burning in Indonesia raised PM10 (109.9 µg/m3) in Brunei Darussalam for 
more than five times, compared with 20.4 µg/m3 during non-episode days (Radojevic and 
Hassan, 1999).  In Radojevic’ study (2003) on smoke episodes in Southeast Asia (1994, 1997, 
1998), substantial amounts of carbon monoxide and methane releasing from biomass burning 
can rapidly react with hydroxyl radicals, affecting the oxidation capacity of the atmosphere.  
The same study showed that emission of nitric oxide and hydrocarbons from biomass burning 
leads to high concentrations of ozone in the tropics, in particularly during the dry season.  
Many studies reported transboundary biomass burning smoke in Brunei Darussalam, Kuala 
Lumpur (Malaysia), and Singapore during August to October (Radojevic and Hassan, 1999; 
Fang et al., 1999; Muraleedharan et al., 2000; Koe et al., 2001; Radojevic, 2003; Abas et al., 
2004; See et al., 2006), but the specific period when Singapore is affected by the 
transboundary pollution may shift, depending on wind directions.  The most direct impact of 
transboundary smoke on Singapore is reflected by the increase in airborne particulates.  In 
1997, transboundary biomass burning smoke increased PM10 concentration in Singapore upto 
226 µg/m3 (Koe et al., 2001).  In 2002, transboundary pollutants from the forest fires in 
Sumatra increased the averaged PM2.5 in Singapore from 19.51 ± 3.26 µg/m3 to 38.96 ± 8.28 
µg/m3 substantially reduced visibility to < 8000 m (See et al., 2006).  
Concurrent with the substantial increase in particulate concentrations, transboundary 
pollutants originating from biomass burning carried large amounts of inorganic and organic 
components (such as Ca2+, K+, Mg2+, SO42-, NO3-, n-alkanols, fatty acids, PAHs, steroids, 
etc.) (Fang et al., 1999; Abas et al., 2004; See et al., 2006).  See et al. (2006) reported that the 
concentration of formate, acetate, pyruvate, malonate, inorganic cations and anions, metal 
elements in Singapore during the smoke episode of biomass burning increased for around two 
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times. Abas et al. (2004) also found that severe biomass burning in 1994 and 1997 in Sumatra, 
Indonesia contribute substantially to polar organic compounds in aerosols observed in Kuala 
Lumpur, Malaysia.  In particular, biomarkers, such as levoglucosan (polyol class) and 
palmitic acid (alkanoic acid class), were among the compounds with a highest concentration 
up to 34,000 and 440 ng/m3, respectively (Abas et al., 2004).  
Among the identified organic compounds in transboundary smoke, the concentration of oxalic 
acid (or oxalates) was considerably enhanced (Sillanpaa et al., 2005; Mochida et al., 2003) 
because oxalic acid can be the sink of oxidation process of many organic compounds (Ervens 
et al., 2004).  Sillanpaa et al. (2005) showed that transboundary biomass burning pollutants 
increase concentrations of particulate in accumulation mode with less impact on particles in 
Aitken mode.  Although some studies showed that oxalic acid (or oxalates) in long-range 
transported smoke mainly concentrated in the accumulation mode (0.32–0.56 µm) (Zhao and 
Gao, 2008, Yao et al., 2003b; Muller et al., 2005; Mochida et al., 2003), endeavor is needed to 
understand the influence of transboundary biomass burning smoke on size distribution of 
oxalic acid in urban environment.  This can yield additional implications on radiative budget 
of particulates attributed to large city or certain regions.   
 
1.2  Objectives 
This study aims to examine how transboundary biomass burning smoke affects urban 
particulates in Singapore in three years, 2006 (October), 2008 (September-October), and 2009 
(August-November) with specific objectives of  
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• Identifying periods that Singapore was under the influence of transboundary biomass 
burning smoke through back trajectory analysis; 
• Examining temporal trends of PM2.5 and PM10; 
• Evaluating effects of transboundary biomass burning smoke on the concentration of 
oxalates in PM2.5; and 
• Examining effects of transboundary biomass burning pollutants on the size 
distribution of inorganics, oxalates in urban particulates.  
  6 
Chapter 2: LITERATURE REVIEW 
 
2.1  Transboundary Pollution 
Sources of air pollution involve both local emissions and long range transported pollution.  
The latter (or transboundary pollution) is attributed to atmospheric pollutants transported over 
long distances and cause impacts on the environment of receptor sites.  While local emission 
sources can be minimized or controlled, transboundary pollution affects larger areas and 
challenges local or regional policy and regulations.  Impacts of transboundary pollution 
include degradation or changes in visibility, human health, climate, etc. 
Transboundary pollution can be triggered by dust storm, wildfire, and agriculture burning or 
even anthropogenic emissions.  Table 2.1 summarizes studies on transboundary pollution in 
various regions worldwide, which identified potential pollution sources and impacts on 
receptor atmosphere.   
2.1.1  Transboundary Pollution of Dust Storm 
Dust storm is a natural pollution source declining air quality by increasing particulate matter 
and mineral elements in atmospheric aerosols.  Liu et al., (2009) concluded that dust storms 
from Mongolian and northern China can be responsible for 60–70% of PM10 in Taipei, which 
lasted for 2–8 days.  During northeast winter monsoon, the mainland China dust also 
contributed to 15 µg/m3 (~30%) of particulates in northern Taiwan (Liu et al., 2009).  In 
Beijing, with a sampling period from 2001 to 2004, Wang et al. (2006) noticed that 
particulates collected on dust days were more basic, and mainly occupied with crustal 
pollutions (Na+, Mg2+, Ca2+).  Zhang et al. (2009) observed that dust storm from Gobi desert 
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or some regions of Mongolia enhanced mass concentration of particulates and mineral 
elements (Mg, Si, Fe, Al, etc.) in Beijing for around two times (Table 2.1).  Aymoz et al. 
(2004) also mentioned that transported dust storm from Saharan desert was mainly 
responsible for the increased concentration of Ca2+ observed in the French Alps, yet weak 
interaction with secondary inorganic components (SO42-, NH4+, NO3-).  
2.1.2  Transboundary Pollution of Anthropogenic Pollution 
Transported anthropogenic emission can cause substantial impacts on other areas.  For 
examples, Lin et al. (2005) and Junker et al. (2009) reported that long range transport of 
pollution from the mainland China played a significant role degrading air quality in Taiwan 
(Table 2.1).  Based on an air monitoring program from 1993 to 2006, the long-range transport 
of pollutants from the mainland China increased 2.8% of CO concentration per annum, and 
doubled SO2 and NOx concentrations from 2001 to 2006 (Junker et al., 2009).  Nguyen et al. 
(2009) also showed that anthropogenic pollutants from China exerted a significant influence 
on ionic compositions (NH4+, SO42-, NO3-, etc) in Jeju island of Korea, especially during 
spring (Table 2.1).   
2.1.3  Transboundary Pollution of Biomass Burning 
Unlike dust storm and anthropogenic pollution, biomass burning such as forest fires, 
agricultural burning causes substantial impacts on airborne particulate matters, organic and 
inorganic species.  Every year, wild fire and agriculture wastes burning in fields (so-called hot 
spots) occur in various regions all over the world, including Eastern and Northern Europe, 
Southeast Asia, USA, etc. (Niemi et al., 2009; Witham and Manning, 2007; Ward et al., 2006; 
Radojevic and Hassan, 1999; See et al., 2006).  Often a prolonged dry and hot period is 
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favorable for fire ignition and burning.  Many studies showed that transboundary pollution of 
biomass burning increases the pollutant concentrations in the receptor areas.  For example, in 
Europe, wildfire or agricultural burning in Eastern Europe (like Russia, Belarus, etc.) caused 
high concentration of PM2.5, monosaccharides and potassium in Helsinki, Finland (Niemi et 
al., 2009), or in UK (Witham and Manning, 2007) (Table 2.1).  Such smoke episodes can 
cause reduced visibility and irritation of eyes and airway, and a mortality rate increasing 0.5–
2% every additional 10 µg/m3 of PM2.5 (Hanninen et al., 2009).  In America, transported 
smoke of agricultural burning at long distance areas significantly increased the concentration 
of PM2.5, monosaccharides, K+, OC/EC, levoglucosan, methodxyphenols, and inorganic 
species in Washington state (Jimenez et al., 2006) and Missoula, Monata (Ward et al., 2006) 
(Table 2.1).  Biomass burning is particularly widespread in the tropics, releasing a large 
amount of combustion products to the atmosphere (Crutzen and Andreae, 1990; Fang et al., 
1999; Abas et al., 2004; Graham et al., 2002).  During the burning season in Brazil rainforest 
in 1999, Graham et al. (2002) recorded a complex mixture of oxygenated compounds from 
biomass burning smoke, mostly known as pyrolysis products of cellulose, hemicellulose, and 
lignin.  In Asia, many studies (See et al., 2006; Kang et al., 2004; Radojevic and Hassan, 
1999) reported that transboundary pollution impacts due to biomass burning have worsened 
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Taiwan Inner Mongolia in 
northern China 
2003 – 2006 PM10 • Increased PM10 of 24-30% 
(during winter monsoon,) 
• Increased PM10 of 60-70% 
(during dust events) 






Dessert regions of 
Mongolian and 
northern China 
Spring 2005 Mineral dust particles (Mg, 
Al, Si, P, S, Cl, K, Ca, Ti, 
V, Cr, Mn, Fe, Ni, etc.) 
• Enriched Zn and Si in fine 
particles,  
• Enriched Cl in medium 
particles 
• Enriched other mineral 
elements (Cu, Mg, Fe, Al, 
etc.) in coarse particles 
Zhang et al., 
2009 
Dust days Beijing - 2001 - 2004 10 anions (SO42-, NO3-, Cl-, 
CH3COO-, etc.), 5 cations 
(NH4+, Ca2+, K+, Mg2+, 
Na+) 
• Coarse particles were more 
elevated, and aerosols were 
more basic in dust days 
• Crustal (Na+, Mg2+, Ca2+) 
and pollution ion (K+, SO42-, 
Cl-) was main fractions in 
dust days 




French Alps Sahara desert Aug 2000 PM10, ionic species (Ca2+, 
Na+, K+, Mg2+, etc.), EC, 
OC, formate, glutarate, 
oxalate 
• A large increase of Ca2+ 
attributed to dust period. 
• Secondary inorganic 
components (SO42-, NH4+, 
NO3-) was enhanced but 











Taiwan The mainland 
China 
1993 – 2006  CO, O3, SO2, NOx, PM10 • Significant enhances of 
pollutants (SO2, NOx, CO, 







Taiwan The mainland 
China 
Nov 1999 – 
May 2000 
Nov 2000 – 
May 2001 
PM10, SO2, CO • Enhanced PM10, CO and 
SO2 of 30 µg/m3, 230 ppb, 
and 0.5 ppb due to long-
range transport pollutants 







China Mar – Nov 
2006 
Cation: Na+, K+, etc. 
Anions: NO3-, Cl-, etc. 
• Enhanced ionic (SO42-, 
NH4+, Ca2+, Na+, etc.) 














1999 – 2007  PM2.5, monosaccharide 
anhydrides, DCAs black 
carbon, NO3-, SO42-, K+, 
NH4+ 
•
 High concentrations of 
PM2.5, monosaccharide 
anhydrides, and K+ 




UK Russia May 2006 
Sep 2002 
PM10, SO2, NOx,  • High PM10 in Scotland and 









regions of Iberian 
Peninsula 
Summer 2003 PM2.5, WSOC (SO42-, 
NH4+, NO3-, etc.), diacids, 
monosaccharides, sugar 
alcohols, levoglucosan, etc.  
• PM2.5 was elevated 2-3 fold, 
high conc. of anhydrosugars 
and potassium 













• Significant increase of 
PM2.5, organics, and 
inorganic  






~200 km on 
eastern 
Sep-Nov 2002 NOx, CO2, OC/EC, 
levoglucosan 
• Enhanced levoglucosan, 
NOx, CO2, OC, and PM2.5 
Jimenez et 
al., 2006 






Rondinia Sep – Oct 1999 Water soluble organic 
compounds (aromatic, 
aliphatic, dicarboxylic, 
tricarboxylic acids, sugar 
and sugar alcohols, etc.) 
• Levoglucosan was the most 
abundant individual 
compounds, aliphatic was 







Korea and China Oct-Nov 2001 HNO3, HNO2, SO2, NO3-, 
SO42-, NH4+, PM2.5, OC, 
EC 
• Increased HNO3, HNO2, 
SO2 
• (1.6-2.1 times), increased 
NO3-, SO42-, NH4+ (4.4-6.1 
times) compared to 
background concentration 
• Increased PM2.5 (1.3-3.3 
times) compared to 24h 
standard, 65 µg/m3  
• Increase in OC, EC 







Indonesia June 1997 Solvent extractable organic 
compounds (n-alkanes, 
alkanoic acids, alkanols, 
PAHs) 
• Significant increases in 
conc. of every organic 
classes. Examination indices 
such as CPI, U:R, Cmax 
identified strong vascular 
plant wax signatures during 
smoke episodes 










Sep – Oct 1991, 
Aug – Oct 
1994, Sep – Oct 
1997 
Solvent extractable organic 
compounds (levoglucosan, 
fatty acids, mono 
saccharides, steroids, etc.) 
• Levoglucosan and palmitic 
acid were the most 
abundant. Appearances of 
other organic compounds 
during smoke episodes 
(plant wax components, 
lignin breakdown products, 
etc.) 
Abas et al., 
2004 
Biomass Singapore Indonesia Mar 2001 – Mar Physical (mass • Increase in PM2.5 and most See et al., 
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burning 2002 concentration, size 
distribution), chemical (14 
ions, 24 metals, EC, OC), 
and optical properties of 
aerosols 
chemical components 







Indonesia Feb – Apr 1998 PM10, SO2, NO, NO2, O3, 
CO 
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2.1.4  Transboundary Pollution of Biomass Burning and Particulate Matters 
Table 2.2 summarizes effects of transboundary pollution originating from biomass burning on 
PM10 and PM2.5.  In Helsinki, Finland, biomass burning smoke from Eastern Europe raised 
PM2.5 from 8.7 µg/m3 to 49 µg/m3 (Niemi et al., 2009).  In USA, Ward et al. (2006) observed 
that forest fires from Western Montana increased PM10 to 115 µg/m3, which is a ~5.8 time of 
the back ground concentration (20 µg/m3).  In Washington State, Jimenez et al. (2006) 
reported that during smoke episodes, major contribution (35%) of PM2.5 was from vegetation 
burning (Table 2.1).  
In Southeast Asia, haze due to biomass burning smoke is recurrent phenomenon.  In Brunei, 
during the smoke episode (Feb.–Apr., 1998), particle concentration was enhanced from 20.4 
to 109.9 µg/m3 (Radojevic and Hassan, 1999).  See et al. (2006) reported that during smoke 
episode in 2001, particulate matter in Singapore increased for around two times (from 19.5 to 
39.0 µg/m3).  In addition to increasing the concentration of particulate matter, transboundary 
pollutants originating from biomass burning complicated the chemical composition therein 
(Pio et al., 2008; Abas et al., 2004; Fang et al., 1999) with enhanced concentrations (Kang et 
al., 2004; See et al., 2006; Niemi et al., 2009) (Table 2.1).   
2.1.5  Transboundary Pollution of Biomass Burning and Ionic Species 
In Seoul, Kang et al. (2004) observed that NO3-, SO42-, NH4+ during smoke episode increased 
by a factor of about 4–6 compared to those during non-episodic periods (Table 2.1).  Niemi et 
al (2009) also concluded that concentration of biomass burning tracers (levoglucosan, 
monosaccharide anhydrides, potassium) peaked during smoke episodes.  With investigations 
of long-range transported particulates, Sillanpaa et al. (2005) reported elevated concentrations 
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of K+, Ca2+, secondary inorganic species (NO3-, SO42-, NH4+), short chain DCAs (oxalates, 
malonates, succinates) of long-range transported biomass combustion aerosols.  These 
chemical components have been reported to be generated during biomass combustion or 
release of incompletely combusted plant tissue and ash or suspension of soil particles 
(Sillapaa et al., 2005).  During intense forest fire period in Portugal, Pio et al. (2008) realized 
that fine/ coarse ratios of 8 quantified inorganic ions (SO42-, NH4+, Cl-, NO3-, Na+, K+, Ca2+, 
Mg2+) increased by a factor of 2 – 4.  Especially, the enrichment of K+ in the fine mode 
particles was obvious (upto 27.8 times); NO3-, SO42-, NH4+ also reached their highest values 
during the intense fire events (Pio et al., 2008).  In Singapore, the concentration in most of 
chemical components (14 ions, 24 metals, OC) was increased by a factor of 2 during smoke 
episodes (March 2001 to March 2002) (See et al., 2006) (Table 2.1).    
Biomass burning is recognized as a major source of emissions, contributing large amount of 
CO2, inorganic and organic species, particulate organic carbon, and elemental carbon to the 
atmosphere.  The majority of the particulates produced in biomass burning can be transported 
over long distance.  Besides elevated ionic species found in transboundary pollutants, a large 
amount of organic compounds were also identified in long-range transport aerosols (Fang et 
al., 1999; Abas et al., 2004; Ward et al., 2006; Graham et al., 2002; Pio et al., 2008).  Among 
organic species, dicarboxylic acids, especially oxalic acid, are one of the key components in 
organic aerosols because of their high concentration and important role in forming cloud 
condensation nuclei (Cruz and Pandis, 1997; Kumar et al., 2003).  Following will discuss 
short chain DCAs (oxalic, malonic, succinic acids) in bulk particulates (PM2.5), their emission 
sources and formation processes.  
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Average ± SD (µg/m3) 
(Range) 
 









pollution   
1999 – 2007  Helsinki, 
Finland 
25 to 49 8.7 - - Biomass burning in 
Eastern Europe 
Niemi et al., 
2009 





  115 (1st event) 
67 (2nd event) 
20 Forest fire burning 
from western 
Montana 
Ward et al., 
2006 
14 Mar, 
2001 to 30 
Mar, 2002 
Singapore 39.0 ± 8.3 
(25.1-76.6)  
19.5 ± 3.3 
(9.2-24.8) 
- - Biomass burning in 
Southern Sumatra, 
Indonesia 
See et al., 2006 




131 ± 50.2 40.1 ± 12.0 - - Agri. burning in 
Mongolia & China 
Kang et al., 
2004 







  42 ± 12 27 ± 10 - Lin et al., 2005 




- - 20.4 ± 41.0 
(9.0-393) 
109.9 ± 148.7 
(1.2-999) 
Biomass burning Radojevic and 
Hassan, 1999 
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2.2  Oxalic Acid in Atmospheric Aerosols 
Dicarboxylic acids (DCAs) have been identified as a major constituent of the organic 
aerosols in urban (Kawamura and Ikushima, 1993), rural (Kawamura et al., 1995; Pio 
et al., 2006), polar (Kerminen et al., 1999) and marine atmosphere (Kawamura and 
Sakaguchi, 1999; Mochida et al., 2003) in variable concentrations. The presence of 
DCAs in the atmosphere may result from primary emissions such as vehicle emission 
(Kawamura and Kaplan, 1987; Kleeman et al., 2000) and biomass burning (Pio et al., 
2008; Graham et al., 2002), as well as from secondary photochemical reaction 
(Kawamura and Kasukabe, 1995; Warneck, 2003; Wang et al., 2006). DCAs have 
received much attention also because of their potential of affecting the radiative 
budget of ambient particulates and regional/global climate.  Owing to high water 
solubility, DCAs have a potential to facilitate atmospheric particles becoming cloud 
condensation nuclei (Shulman et al., 1996; Cruz and Pandis, 2000; Kumar et al., 
2003).  
Generally, oxalic acid (C2) exhibits a dominant concentration among DCAs in the 
atmosphere, followed by malonic (C3) and succinic acids (C4) (Kawamura and 
Kaplan, 1987; Kawamura and Ikushima, 1993; Yao et al., 2002). Previous studies 
suggested that low molecular weight (LMW) DCAs are produced in the atmosphere 
by either photochemical chain reactions of unsaturated hydrocarbons and fatty acids 
(Kawamura and Sakaguchi, 1999; Kawamura et al., 1996) or direct emission from 
fossil fuel combustion, biomass burning and cooking (Kawamura and Kaplan, 1987; 
Narukawa et al., 1999; Schauer et al., 2001, 2002a, 2002b).  The concentration of C2, 
C3, and C4 DCAs deviated substantially depending on sampling sites, seasons, 
background conditions, etc.  In urban atmosphere, C2 DCA can vary from 288–1423 
ng/m3, while C3 DCA can fluctuate from 62.8 – 177 ng/m3 (Wang et al., 2002; Ho et 
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al., 2006).  Concentrations of LMW DCAs were elevated under influence of vehicle 
emission, biomass burning smoke, or during winter season.  For example, in roadway 
tunnels, the concentration of oxalic and malonic acid were enhanced due to vehicle 
emissions, reaching up to 633 and 74.7 ng/m3, respectively (Wang et al., 2006).  
Owing to the transboundary smoke of biomass burning in Sumatra, the concentration 
of oxalates and malonates in Indonesia were as high as 2900 and 320 ng/m3, 
respectively (See et al., 2006).  
 
2.3  Size Distribution of Inorganic Ions, Oxalic, Malonic, and 
Succinic Acid  
Haze is a recurrent phenomenon on Southeast Asia, and a handful of studies 
(Radojevic and Hassan, 1999; See et al., 2006; Fang et al., 1999; Abas et al., 2004; 
Muraleedharana et al., 2000; Koe et al.,2001; Radojevic, 2003; Narakawa et al., 1999; 
Radojevic and Tan, 2000) investigated chemical characterization of atmospheric 
aerosols under influence of transboundary pollution.  However, size distributions of 
chemical components during the smoke episodes have seldom been examined 
comprehensively although such information is important to better understand the 
formation and transformation of particulates and chemical components therein during 
long-range transport, as well as consequent effects on the atmospheric environment of 
the receptor sites.  Among various chemical species, size distribution of inorganic 
components was better examined relative to organic compounds in aerosols.  The 
following sections review the concentration of various inorganics (sodium, calcium, 
magnesium, potassium, ammonium, sulfate, nitrate, chloride) and oxalic acids size-
segregated aerosols. 
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2.3.1  Size Distribution of Inorganic Ions in Atmospheric Aerosols 
Recent field data showed that the concentration of individual compounds changes 
with aerosol size, which were little reflected by bulk samples, yet important to derive 
formation transformation processes of aerosol components.  Hence, it is important to 
examine size segregated chemical composition of ambient particles that can vary with 
their origin,   sampling environments, and seasons (Pennanen et al., 2007; Bao et al., 
2009; Krivacsy and Molnar, 1998).  Generally atmospheric particles can be classified 
into three modes according to their size: nuclei mode, accumulation mode, and coarse 
mode.  Coarse particles with an aerodynamic diameter larger than 2 µm are often 
generated by mechanical processes and natural processes such as soil dust, sea salt, 
bio aerosols, tire wear particles, etc.  Accumulation mode, corresponding to particles 
approximately 0.1-2 µm in diameter, contains primary particles from combustion 
sources and secondary aerosols (sulfate, nitrate, ammonium, and secondary organics).  
The latter can be formed through gas-to-particles conversion and secondary chemical 
as well as physical processes in the atmosphere (Seinfeld and Pandis, 2006).  Due to 
different contribution sources, the chemical compositions of accumulation mode 
particles can differ from that of coarse mode particles (Table 2.3).  The particles in 
nuclei and Aitken mode have an aerodynamic diameter of smaller than 0.1 µm, 
mainly formed through nucleation and condensation of gas or hot vapor (Seinfeld and 
Pandis, 2006).  
Table 2.3 summarizes size distribution of cations and anions of inorganic compounds 
in atmospheric aerosols of various size ranges.  While cations (Na+, Ca2+ and Mg2+) 
can be distributed from <0.2 – 10 µm (Table 2.3), a large portion of them can be 
hosted by coarse mode particles and ascribed to sea salt or crustal source (Hsieh et al., 
2009; Spindler et al., 2010; Teinila et al., 2003; Tursic et al., 2006; Krivacsy and 
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Molnar, 1998; Kerminen et al., 1999).  For example, Na+ can be related to sea salt, 
and Ca2+ and Mg2+ are highly correlated with crustal and sea-salt particles (Teinila et 
al., 2003; Spindler et al., 2010; Hsieh et al., 2009; Tursic et al., 2006) although 
Sillanpaa et al. (2005) concluded that size distributions of Ca2+ and Mg2+ can be 
slightly influenced by biomass burning or anthropogenic emission.  On the contrary, 
the concentration of K+ and NH4+ can be greatly influenced by biomass burning 
(Sillanpaa et al., 2005; Matta et al., 2003).  K+ can be directly emitted from 
combustion;  although K+ is also attributed to sea spray in coarse particles, this is 
minor compared to that from biomass burning, which is mainly in 0.32 – 2.5 µm 
(Hsieh et al., 2009; Tursic et al., 2006).  Hence, K+ in the accumulation mode (0.6 – 
2.5 µm) can be considered as a marker of biomass combustion  (Krivacsy et al., 1998; 
Spindler et al., 2010; Matta et al., 2003).  
In atmospheric aerosols, NH4+ mainly exists in the form of ammonium sulfate in fine 
particles formed through secondary reaction between ammonia (NH3) and sulfate 
(SO42-) (Zhuang et al., 1999; Bao et al., 2009).  Liu et al. (2009) also observed 
existence of ammonium sulphate in fine mode particles, consistent with Hsieh et al. 
(2009) in droplet mode (0.32 – 2.5 µm).  This is supported by the size distribution of 
and concentration trend in NH4+ similar to that of SO42- in atmospheric aerosols 
(Hsieh et al., 2009; Sillanpaa et al., 2005). 
For the anions in size segregated aerosols, Cl- with a high concentration in coarse 
particles shows a closer correlation with sea salt particles than that of SO42- and NO3- 
(Hsieh et al., 2009; Zhao et al., 2008; Tursic et al., 2006).  Although anthropogenic 
emissions can contribute Cl- in fine-mode particles, the concentration of Cl- in coarse 
particles still dominates (Krivacsy et al., 1998; Zhao et al., 2008).  
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SO42- is mainly distributed in the fine particles through various processes such as 
photochemical reactions and gas condensation unto fine particles (Liu et al., 2008; 
Zhao et al., 2008; Park and Kim, 2004). SO42- can also be observed in coarse-mode 
particles due to gas absorption (sulphuric acid) onto existing sea salt particles (Zhao et 
al., 2008; Liu et al., 2008; Zhuang et al., 1999; Koulouri et al., 2008; Rinaldi et al., 
2007). 
2.3.2  Size Distribution of Oxalic, Malonic and Succinic Acids in Atmospheric 
Aerosols 
Table 2.4 presents size distribution of oxalic, malonic and succinic acids (C2, C3, C4 
DCAs) in atmospheric aerosols.  As shown, oxalic acid mainly deposited on 
accumulation mode particles (Yao et al., 2003b; Mochida et al., 2003; Krivacsy et al., 
1998; Teinila et al., 2003; Muller et al., 2005) (Table 2.4) through photochemical 
reactions, gas to particle conversion, and in-cloud process (Yao et al., 2003; Mochida 
et al., 2003; Herckes et al., 2006; Krivacsy et al., 1998; Hsieh et al., 2009; Zhao et al., 
2008).  Oxalic acid concentration in accumulation mode is particularly elevated  due 
to influence of biomass burning smoke (Hsieh et al., 2009; See et al., 2006; Pio et al., 
2008); gas to particle condensation can be the principal step forming ambient oxalate 
in accumulation mode (Mochida et al., 2003, Yao et al., 2003, Niemi et al., 2009).  As 
one of primary pollutants from vehicle emission, oxalic acid was also found in 
particulate size smaller than 1.1 µm collected along the roadside (Bao et al., 2009).  In 
long-range transport smoke, few studies recorded appearance of short chain DCAs 
(oxalic, malonic, succinic acids) in coarse particles and attributed to heterogeneous 
reactions on the surface of sea-salt aerosols (Yao et al., 2003; Hsieh et al., 2009), or 
condensation of gaseous DCAs on the surface of sea 
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2003).  However their concentrations in coarse particles were insignificant compared 
to that in the fine mode.  
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Table 2.3: Size distribution of inorganic compounds in atmospheric aerosols 
Ion Sampling duration Location Dominant particle size Observation Reference 
Na+ Aug - Sep 2002 Helsinki, Finland 1.7 µm size distribution was not affected by biomass 
burning 
Sillanpaa et al., 2005 
 Dec-00 Hong Kong (HKUST) 3.1 - 6.2 µm  Yao et al., 2003a 
 Sep 1995 - Feb 1996 Hungary > 2 µm crustal origin, winter Na conc. higher 30% Krivacsy et al., 1998 
 2004 - 2008 Melpitz, Germany 10 µm a hint for the mean source of sea  water, even 
coastline is 400 km away 
Spindler et al., 2010 
 Sep - Nov 2004 Tainan city, Taiwan 6.2 µm contribution of sea spray Hsieh et al., 2009 
 Nov 2002 - Jan 2003 Prague, Czech Republic 2.5 - 10 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 2.5 - 10 µm   
 Mar - May 2003 Helsinki, Finland < 0.2 µm   
 Mar - May 2003 Barcelona, Spain 2.5 - 10 µm   
 Jun - Jul 2003 Athen, Greece < 0.2 µm   
 Feb - Mar, and Apr - 
May, 2001 
Svalbard, Norway 1 - 2 µm and 5 - 8 µm originated from sea salt Teinila et al., 2003 
 Jan - Dec 2000 Bologna, Italia 3.5 - 10 µm  Matta et al., 2003 
 Nov-02 Portoroz, Slovenian 1.6 - 5.1 µm originate from sea spray and soil Tursic et al., 2006 
 Jul-96 Sevettijarvi, Finland 2.7 µm  Kerminen et al., 1999 
            
K+ Aug - Sep 2002 Helsinki, Finland 0.56 µm associated with biomass burning (biomass 
combustion marker) 
Sillanpaa et al., 2005 
 Sep 1995 - Aug 1996 Hungary 0.5 - 2 µm, and 8 - 16 µm similar distribution with chloride, winter conc. 
higher summer conc. propably due to combustion 
or anthropogenic processes 
Krivacsy et al., 1998 
 Spring 2002 Hong Kong (HKUST) 0.8 µm  Yao et al., 2003a 
 2004 - 2008 Melpitz, Germany 10 µm emitted from wood combustion. Westernly wind in 
the summer provide good turbulent mixing, 
therefore lower potassium concentration 
Spindler et al., 2010 
 Sep - Nov 2004 Tainan city, Taiwan 0.54 µm indicative of agriculture waste burning Hsieh et al., 2009 
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   6.2 µm a minor concentration peak is attributed to sea 
spray 
 
 Nov 2002 - Jan 2003 Prague, Czech Republic 0.2 - 2.5 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 0.2 - 2.5 µm   
 Mar - May 2003 Helsinki, Finland 0.2 - 2.5 µm   
 Mar - May 2003 Barcelona, Spain 0.2 - 2.5 µm   
 Jun - Jul 2003 Athen, Greece 0.2 - 2.5 µm   
 Jan - Dec 2000 Bologna, Italia 0.42 - 1.2 µm (fall, winter); 
0.14 - 0.42 µm (spring, 
summer) 
high conc. of K+ during fall and winter indicated 
of biomass combustion sources 
Matta et al., 2003 
 Oct - Dec 1999 Chongju, Kwangju, Seoul 
- Korea 
~ 1 µm (fine particles) K was released from anthropogenic sources more 
than from crustal source 
Park et al., 2004 
 Nov-02 Portoroz, Slovenian 1.6 - 5.1 µm originate from sea spray and soil Tursic et al., 2006 
      
NH4+ Nov - Dec 1997; Jan 
1997 
Hong Kong (HKUST) fine pte (0.56 µm) Ammonia reacts with sulfuric acid or sulfate in the 
fine mode 
Zhuang et al., 1999 
 Aug - Sep 2002 Helsinki, Finland 0.47 µm secondary aerosols, concentration strongly 
influence by biomass burning 
Sillanpaa et al., 2005 
 Sep 1995 - Feb 1996 Hungary 0.8 (winter), 0.6 (summer) winter conc. higher than summer conc. Krivacsy et al., 1998 
 Spring + summer 2007, 
winter 2008 
Saitama, Japan < 1.1 µm  Bao et al., 2009 
 Sep - Nov 2004 Tainan city, Taiwan 0.54 µm similar distribution to sulfate Hsieh et al., 2009 
   0.32 - 1 µm accumulation of photochemical products in the 
condensation mode 
 
 Oct-04 Xinkenn, Pearl River 
Delta, China 
< 1.8 µm ammonium combined with sulfate in the fine mode 
particles 
Liu et al., 2008 
 Jan - Dec 2000 Bologna, Italia 0.42 - 1.2 µm  Matta et al., 2003 
 Oct - Dec 1999 Chongju, Kwangju, Seoul 
- Korea 
< 1.8 µm (fine particles)  Park and Kim, 2004 
 Nov-02 Portoroz, Slovenian 0.53 - 1.6 µm  Tursic et al., 2006 
 Jul-96 Sevettijarvi, Finland 0.4 µm  Kerminen et al., 1999 
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Ca2+ Jul - Dec 1997 Hong Kong (HKUST) coarse pte (4 - 6 µm)   Zhuang et al., 1999 
 Aug - Sep 2002 Helsinki, Finland 2.9 µm Mass concentration in accumulation mode was 5-
20 times higher in biomass burning episodes 
Sillanpaa et al., 2005 
 Sep 1995 - Feb 1996 Hungary > 4 µm crustal origin, summer Ca higher 50% Krivacsy et al., 1998 
 Dec-00 Hong Kong (HKUST) Coarse mode highly correlated with nitrate from reaction of 
HNO3 and CaCO3 
Yao et al., 2003a 
 2004 - 2008 Melpitz, Germany 10 µm re-emission of some calcium carbonate and 
calcium sulfate 
Spindler et al., 2010 
 Sep - Nov 2004 Tainan city, Taiwan 6.2 µm ascribed to crustal sources Hsieh et al., 2009 
 Nov 2002 - Jan 2003 Prague, Czech Republic 2.5 - 10 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 2.5 - 10 µm   
 Mar - May 2003 Helsinki, Finland 2.5 - 10 µm   
 Mar - May 2003 Barcelona, Spain 2.5 - 10 µm   
 Jun - Jul 2003 Athen, Greece 2.5 - 10 µm   
 Feb - Mar, and Apr - 
May, 2001 
Svalbard, Norway 2 - 4 µm, and 7 - 9 µm Ca is not only of local but also of long range in its 
origin 
Teinila et al., 2003 
 Jan - Dec 2000 Bologna, Italia 3.5 - 10 µm  Matta et al., 2003 
 Nov-02 Portoroz, Slovenian 1.6 - 5.1 µm originate from sea spray and soil Tursic et al., 2006 
 Mar - Jun 2005 Catania, Italia 3.5 - 10 µm  Rinaldi et al., 2007 
 Jul-96 Sevettijarvi, Finland 5.2 µm originate from crustal particles Kerminen et al., 1999 
      
Mg2+ Sep 1995 - Feb 1996 Hungary 2 - 4 µm indicate crustal origin of magnesium. 50% richer 
of magnesium in summer 
Krivacsy et al., 1998 
 Dec-00 Hong Kong (HKUST) coarse mode  Yao et al., 2003a 
 2004 - 2008 Melpitz, Germany 10 µm Magnesium is comparable for winter and summer 
because it was not affected by an exchange with 
other species during transport 
Spindler et al., 2010 
 Sep - Nov 2004 Tainan city, Taiwan 2.5 - 18 µm ascribed to crustal sources Hsieh et al., 2009 
 Nov 2002 - Jan 2003 Prague, Czech Republic 2.5 - 10 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 2.5 - 10 µm   
 Mar - May 2003 Helsinki, Finland 2.5 - 10 µm   
 Mar - May 2003 Barcelona, Spain 2.5 - 10 µm   
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 Jun - Jul 2003 Athen, Greece 2.5 - 10 µm   
 Feb - Mar, and Apr - 
May, 2001 
Svalbard, Norway supermicron (1.06 - 20 µm)  Teinila et al., 2003 
 Jan - Dec 2000 Bologna, Italia 1.2 - 3.5 µm (fall, winter); 
1.2 - 10 µm (spring, 
summer) 
 Matta et al., 2003 
 Nov-02 Portoroz, Slovenian >1.6 µm originate from soil Tursic et al., 2006 
       
SO42- Nov - Dec 1997; Jan 
1997 
Hong Kong (HKUST) 0.5 - 0.7 µm (MMAD 0.58 
µm) 
closely related to cloudy and humid weather 
condition. Sulfate accumulation from the aqueous 
reactions in fog and cloud droplet, which 
subsequently remains as mode particles as water 
evaporated 
Zhuang et al., 1999 
 Aug - Sep 2002 Helsinki, Finland 0.49 µm Mass distribution closely follow sulfate, 
suggesting existing of ammonium sulfate 
Sillanpaa et al., 2005 
 Dec-00 Hong Kong (HKUST) 0.45 (spring), 0.7 (summer)  In-cloud process are major path to form sulfate 
(droplet mode particles were obtained after water 
evaporated from cloud droplets) 
Yao et al., 2003a 
 Sep 1995 - Feb 1996 Hungary 0.65 (summer), 0.8 (winter) summer conc. smaller than winter conc. Krivacsy et al., 1998 
 Spring + summer 2007, 
winter 2008 
Saitama, Japan < 1.1 µm smaller mode of sulfate is ascribed to gas 
condensation, whereas larger mode is ascribed to 
fog/cloud formation 
Bao et al., 2009 
 Sep - Nov 2004 Tainan city, Taiwan 18 nm; 0.54 µm; 6.2 µm course SO42- formed sea salt with Na+,SO42- 
displayed similar distribution with ammonium in 
droplet and nuclei mode 
Hsieh et al., 2009 
 Oct-04 Xinkenn, Pearl River 
Delta, China 
0.56 - 1 µm (droplet mode) fine mode sulfate is due to in-cloud process Liu et al., 2008 
   0.18 - 0.32 µm  appearance of sulfate in the condensation mode is 
due to strong photochemical reactions indicated by 
high conc. of O3 
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   3.2 - 5.6 µm low conc. of sulfate in coarse mode particles 
indicated the reaction of H2SO4 and sea salt 
particles 
 
 Jul - Dec 2006 New Jersey, USA 0.32 - 0.56 µm (droplet 
mode), 3.2 - 5.6 µm (coarse 
mode) 
sulfate in fine particles could be mainly produced 
by secondary sources (oxidation then condensation 
of gaseous species on pre-existing particles). 
Sulfate in the coarse mode can be contributed by 
sea salt and secondary sulfate mainly produced 
through reactions of sodium and calcium-
containing particles 
Zhao et al., 2008 
 Nov 2002 - Jan 2003 Prague, Czech Republic 0.2 - 2.5 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 0.2 - 2.5 µm   
 Mar - May 2003 Helsinki, Finland < 0.2 µm   
 Mar - May 2003 Barcelona, Spain 0.2 - 2.5 µm   
 Jun - Jul 2003 Athen, Greece < 0.2 µm   
 Feb - Mar, and Apr - 
May, 2001 
Svalbard, Norway 0.3 - 0.4 µm nssSO42-, NH4+ were internally mixed in the 
submicro size particle 
Teinila et al., 2003 
 Jan - Dec 2000 Bologna, Italia 0.42 - 1.2 µm (fall, winter); 
0.14 - 0.42 µm (spring, 
summer) 
 Matta et al., 2003 
 Oct - Dec 1999 Chongju, Kwangju, Seoul 
- Korea 
< 1.8 µm (fine particles)  Park and Kim., 2004 
 Nov-02 Portoroz, Slovenian 0.53 - 1.6 µm  Tursic et al., 2006 
 Mar - Jun 2005 Catania, Italia 0.42 - 1.2 µm  Rinaldi et al., 2007 
 Jul-96 Sevettijarvi, Finland 0.4 µm  Kerminen et al., 1999 
            
Cl- Aug - Sep 2002 Helsinki, Finland 4.6 µm  Sillanpaa et al., 2005 
 Dec-00 Hong Kong (HKUST) Coarse mode attributed to reaction of HCl with CaCO3 Yao et al., 2003 
 Sep 1995 - Feb 1996 Hungary 1 - 2 µm, and > 8 µm winter conc. higher summer conc. propably due to 
combustion or anthropogenic processes 
Krivacsy et al., 1998 
 2004 - 2008 Melpitz, Germany 10 µm  Spindler et al., 2010 
 Sep - Nov 2004 Tainan city, Taiwan 6.2 µm contribution of sea spray Hsieh et al., 2009 
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 Jul - Dec 2006 New Jersey, USA 5.6 - 10 µm chloride in coarse mode particles is sea salt Zhao et al., 2008 
   0.32 - 0.56 µm chloride in accumulation mode could come from 
anthropogenic emissions 
 
 Nov 2002 - Jan 2003 Prague, Czech Republic 2.5 - 10 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 2.5 - 10 µm   
 Mar - May 2003 Helsinki, Finland 2.5 - 10 µm   
 Mar - May 2003 Barcelona, Spain 2.5 - 10 µm   
 Jun - Jul 2003 Athen, Greece 2.5 - 10 µm   
 Jan - Dec 2000 Bologna, Italia 3.5 - 10 µm higher conc. of Cl in fine mode during fall and 
winter; higher conc. of Cl in coarse mode in spring 
and summer 
Matta et al., 2003 
 Nov-02 Portoroz, Slovenian 1.6 - 5.1 µm originate from sea spray and soil Tursic et al., 2006 
            
NO3- Jul - Dec 1997 Hong Kong (HKUST) 4 - 6 µm (MMAD 3.95 um) reaction of gas phase HNO3 with sea salt particles Zhuang et al., 1999 
 Aug - Sep 2002 Helsinki, Finland 0.53 µm Nitrate concentration was four time higher in 
biomass burning episodes 
Sillanpaa et al., 2005 
 Dec-00 Hong Kong (HKUST) 0.7 µm, and 6.0 µm The mode distribution of nitrate are governed by 
thermodynamic equilibrium, which is affected by 
RH, temperature, and concentration of (NH4)2SO4, 
HNO3, NH3 
Yao et al., 2003a 
 Sep 1995 - Feb 1996 Hungary 1.5 (summer), 0.8 (winter) summer conc. smaller than winter conc. due to 
volatility increasing 
Krivacsy et al., 1998 
 Spring + summer 2007, 
winter 2008 
Saitama, Japan > 7 µm (spring + summer);   
< 1.1 µm (winter) 
During cold season, nitrate present in fine particle 
because low temp. enhance ammonium nitrate 
formation in fine particles. During warm season, 
nitrate is acribed to heterogeneous reactions/ in-
cloud process 
Bao et al., 2009 
 Sep - Nov 2004 Tainan city, Taiwan 0.32 - 2.5 µm produced photochemically from ammonium nitrate Hsieh et al., 2009 
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 July 2004 - July 2006 Crete Island, Greece coarse mode (1.3 - 10 µm) Formation pathway for particulate nitrate is the 
reactions of gaseous nitric acid or some other 
nitrogen compounds with sea salt and mineral dust 
particles 
Koulouri et al., 2008 
 Oct-04 Xinkenn, Pearl River 
Delta, China 
0.56 - 1 µm formation of nitrate in the fine mode is similar to 
that of sulfate 
Liu et al., 2008 
   3.2 - 5.6 µm coarse mode nitrate may exist in the form of 
sodium nitrate 
 
 Jul - Dec 2006 New Jersey, USA 0.32 - 0.56 µm (droplet 
mode), 3.2 - 5.6 µm (coarse 
mode) 
the co-condensation of gaseous ammonia and 
nitric acid seems to be the main pathway for the 
accumulation of particulate nitrate in fine particles. 
Coarse mode nitrate is mainly formed through 
reactions of nitric acid onto existing coarse 
particles 
Zhao et al., 2008 
 Nov 2002 - Jan 2003 Prague, Czech Republic 0.2 - 2.5 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 0.2 - 2.5 µm   
 Mar - May 2003 Helsinki, Finland 0.2 - 2.5 µm   
 Mar - May 2003 Barcelona, Spain 0.2 - 2.5 µm   
 Jun - Jul 2003 Athen, Greece 2.5 - 10 µm   
 Jan - Dec 2000 Bologna, Italia 0.42 - 1.2 µm (fall, winter); 
1.2 - 3.5 µm (spring, 
summer) 
 Matta et al., 2003 
 Oct - Dec 1999 Chongju, Kwangju, Seoul 
- Korea 
< 1.8 µm (fine particles) NO3- is usually the result of nitric acid and 
ammonia reaction for the formation of ammonium 
nitrate 
Park and Kim., 2004 
 Nov-02 Portoroz, Slovenian 0.53 - 1.6 µm  Tursic et al., 2006 
 Mar - Jun 2005 Catania, Italia 1.2 - 3.5 µm presence of nitrate on coarse particles due to 
absorption of gaseous nitric acid onto NaCl 
particles 
Rinaldi et al., 2007 
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Table 2.4 Size distribution of oxalic (C2 DCA), malonic (C3 DCA) and succinic (C4 DCA) acids in atmospheric aerosols 
DCAs Sampling 
duration 
Location Dominant particle size Observation Reference 
C2-DCA Aug - Sep 2002 Helsinki, Finland 0.21 µm   Sillanpaa et al., 2005 
 Summer 2001 Hong Kong (HKUST) 0.7 µm (summer) Yao et al., 2003b 
 Spring 2002  0.45 µm and > 1.8 µm 
(spring) 
oxalate can be formed by photochemical formation 
or oxalate containing particle through in-cloud 
process. Primary vehicle exhaust was not a major 
source for the fine mode oxalate. 
 
 Mar - Apr 2001 Pacific Ocean < 1 µm (coastal ocean) Mochida et al., 2003 
   > 1 µm (remote ocean) 
produced photochemically, remote ocean contain 
significant portion of diacids in supermicron 
mode. Diacids associate with coarse sea-salt 
particles in remote marine areas, which is due to 
uptake of coarse particles or heterogeneously 
formation on the surface of sea salt particles  
 Summer 2002 Yosemite National Park, 
USA 
<0.49 µm wood smoke and secondary biogenic aerosol are 
the principle sources 
Herckes et al., 2006 
 Sep 1995 - Feb 
1996 
Hungary 0.5 - 1 µm summer conc. was 20% smaller than winter conc. 
Gas to particle conversion can be  a formation 
pathway. 92% of oxalic acid distributed from 0.5 - 
1 um. Particles were more acidic in winter 
Krivacsy et al., 1998 
 Sep - Nov 2004 Tainan city, Taiwan 0.54 µm Close to MMAD of sulfate which is suggested as 
an intermediate of photochemical products. 
Formation of oxalic in droplet mode was attributed 
to in-cloud process 
Hsieh et al., 2009 
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 Jul - Dec 2006 New Jersey, USA 0.32 – 0.56 µm (droplet 
mode), 3.2 - 5.6 µm 
(coarse mode) 
the formation pathway for oxalate in droplet mode 
is likely a combination of gas-to-particle 
conversion and in-cloud processes. A good 
correlation between sulfate and oxalate in coarse 
mode may indicate the reactions of H2SO4 and 
oxalic acid with alkaline sea-salt aerosol. 
Zhao et al., 2008 
 Nov 2002 - Jan 
2003 
Prague, Czech Republic 0.2 - 2.5 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 0.2 - 2.5 µm   
 Mar - May 2003 Helsinki, Finland 0.2 - 2.5 µm   
 Mar - May 2003 Barcelona, Spain 0.2 - 2.5 µm   
 Jun - Jul 2003 Athen, Greece 0.2 - 2.5 µm   
 Feb - Mar, and Apr 
- May, 2001 
Svalbard, Norway 0.3 - 0.4 µm, and 0.6 - 0.8 
µm 
in associated with sea salt particles in 0.6 - 0.8 um 
particle 
Teinila et al., 2003 
 Oct-02 Goldlauter, Germany 0.42 - 1.2 µm accumulation mode (0.42 - 1.2 um) is dominant, 
appearance of di-acids is associated with sea salt 
particle (coarse mode, 1.2 - 3.5 um) 
Muller et al., 2005 
 Nov-02 Portoroz, Slovenian 0.17 - 0.53 µm  Tursic et al., 2006 
 Jul-96 Sevettijarvi, Finland 0.081 µm  Kerminen et al., 1999 
            
C3-DCA Mar - Apr 2001 Pacific Ocean < 1 µm produced photochemically, remote ocean contain 
significant portion of diacids in supermicron 
mode. Diacids associate with coarse sea-salt 
particles in remote marine areas, which is due to 
uptake of coarse particles or heterogeneously 
formation on the surface of sea salt particles 
Mochida et al., 2007 
 Summer 2001 Hong Kong (HKUST) 0.8 µm in-cloud process can form droplet mode malonate. 
Acidity level of aerosols can affect evaporation 
level of semi volatile spices such as organic acids 
Yao et al., 2003b 
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 Summer 2002 Yosemite National Park, 
USA 
<0.49 µm wood smoke and secondary biogenic aerosol are 
the principle sources 
Herckes et al., 2006 
 Sep 1995 - Feb 
1996 
Hungary 0.5 - 1 µm summer conc. was 20% smaller than winter conc. 
Gas to particle conversion can be  a formation 
pathway. 77% of malonic acid distributed from 0.5 
- 1 um. Particles were more acidic in winter 
Krivacsy et al., 1998 
 Sep - Nov 2004 Tainan city, Taiwan 0.32 µm produced by both photochemical reactions and 
traffic-related emission 
Hsieh et al., 2009 
 Nov 2002 - Jan 
2003 
Prague, Czech Republic 0.2 - 2.5 µm  Pennanen et al., 2007 
 Jan - Mar 2003 Amsterdam, Dutch 0.2 - 2.5 µm   
 Mar - May 2003 Helsinki, Finland 0.2 - 2.5 µm   
 Mar - May 2003 Barcelona, Spain 0.2 - 2.5 µm   
 Jun - Jul 2003 Athen, Greece 0.2 - 2.5 µm   
 Oct-02 Goldlauter, Germany 0.42 - 1.2 µm accumulation mode (0.42 - 1.2 um) is dominant, 
appearance of di-acids is associated with sea salt 
particle (coarse mode, 1.2 - 3.5 um) 
Muller et al., 2005 
            
C4-DCA Mar - Apr 2001 Pacific Ocean < 1 µm produced photochemically, remote ocean contain 
significant portion of diacids in supermicron 
mode. Diacids associate with coarse sea-salt 
particles in remote marine areas, which is due to 
uptake of coarse particles or heterogeneously 
formation on the surface of sea salt particles 
Mochida et al., 2007 
 Dec-00 Hong Kong (HKUST) 0.54 - 1 µm in-cloud process can form droplet mode succinate. 
Acidity level of aerosols can affect evaporation 
level of semi volatile spices such as organic acids 
Yao et al., 2003b 
 Summer 2002 Yosemite National Park, 
USA 
<0.49 µm wood smoke and secondary biogenic aerosol are 
the principle sources 
Herckes et al., 2006 
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 Sep 1995 - Feb 
1996 
Hungary 0.5 - 1 µm summer conc. was 20% smaller than winter conc. 
Gas to particle conversion can be  a formation 
pathway. 72% of succinic acid distributed from 0.5 
- 1 um. Particles were more acidic in winter 
Krivacsy et al., 1998 
 Sep - Nov 2004 Tainan city, Taiwan 0.19 µm produced by both photochemical reactions and 
traffic-related emission 
Hsieh et al., 2009 
 Oct-02 Goldlauter, Germany 0.42 - 1.2 µm accumulation mode (0.42 - 1.2 um) is dominant, 
appearance of di-acids is associated with sea salt 
particle (coarse mode, 1.2 - 3.5 um) 
Muller et al., 2005 
 Jul-96 Sevettijarvi, Finland 0.36 µm, 3.2 µm  Kerminen et al., 1999 
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Chapter 3: METHODOLOGY 
 
3.1  Sample Collection 
3.1.1  Sampling Site and Duration 
The sampling site of this study is located on the roof top of Building E2 (1o18’N and 
103o46’E, 67 meters above sea level) of the National University of Singapore. Pandan Straits 
is located 1.5 km south of the sampling site.  Jurong Island hosting a complex of 
petrochemical industries is ~5 km southwest from the sampling location.  A location 3-5 km 
northwest from the sampling point is a highly populated area. A highway as well as roads 
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In 2006, fine particulates (PM2.5) were collected from 11 to 26 Oct (JD 284 – 299) starting at 
around 8 am for 24 hours daily.  According to the haze map downloaded from the NEA 
website, Singapore experienced transboundary smoke throughout the entire sampling period. 
In 2008, from 8 September to 5 October (JD 252 – 279), PM2.5 and size-segregated 
particulates were sampled.  PM2.5 was collected daily starting around 19:00 for 24 hours, 
while size-segregated samples were collected on weekly basis for four weeks starting at 5:00 
pm on every Sunday.  In 2009, PM2.5 samples were collected in every 6 day starting 7:00 am 
for 24 hours from Aug 6th to Nov 5th (JD 218 – 309). A total of 15 samples were collected. 
During the individual sampling periods, PM10 and hot spot maps were recorded from the 
website of National Environment Agency (Singapore).  PM10 given in NEA website is the 
worst average data among the monitoring stations located at the five regions in Singapore. 
3.1.2  Bulk Particulate Sampling (PM2.5) 
For PM2.5 samples, two Andersen RAAS 2.5-200 samplers and one Andersen RAAS 2.5-400 
sampler (two sampling channels) were employed, and operated at a flow rate of 16.9 (RAAS 
2.5-200), 16.2 (RAAS 2.5-200), 18.1 (RAAS 2.5-400, channel 1), and 17.8 (RAAAS 2.5-400, 
channel 4) L/min.  All the samplers were equipped with filters of 47-mm fluorocarbon-
coated-glass-fiber filters (Fiberfilm filter, Pall Corporation, USA) with a pore size of 0.2 µm.  
Before sampling, the filters were pre-treated with nitric acid (5%), methanol, and n-hexane to 
minimize background contamination following a validated method described previously 
(Yang et al., 2007).  Before and after sampling, filter samples were conditioned in a dry 
cabinet (40% RH, 24oC) for around 24 hours followed by gravimetric measurements using a 
microbalance (Toledo, USA).  Prior to chemical analyses, all sample filters were stored in 
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organic-free jars with Teflon lining and placed in a freezer (-25oC).  In 2006 and 2009, only 
two RAAS 2.5-200 samplers were used to collect bulk particulates, yielding two filter 
samples daily. In 2008, two RAAS 2.5-200 and RAAS 2.5-400 samplers were employed 
providing four filter samples daily. 
3.1.3  Size-Segregated Particulate Sampling 
For size segregated particulate samples, an electrical low pressure impactor (ELPI) (Dekati, 
Denmark) was employed as an impactor to segregate particles into 13 size ranges with cut-off 
diameters of 28.5, 56.7, 94.4, 156, 263, 384, 615, 952, 1600, 2400, 4010, 6700, and 9940 nm.  
The cut-off diameter of an ELPI impactor is defined as the size of particles collected with 
50% efficiency.  Because the stage of 9.94 µm was greased to prevent large particles from 
bouncing off, only 12 stage samples underwent chemical analyses. The averaged flow rate of 
ELPI was maintained at 9.8 L/min during the sampling period, and Teflon filters (PTFE 
laminated membrane filters, Sterlitech, USA) were utilized to collect particulates.  After 
sampling, filters were placed in petri-dish containers and stored in a freezer (-25oC) in the 
dark. 
 
3.2  Back Trajectory Analysis 
To examine origin of pollutants collected at the sampling site, back trajectory of air parcels at 
four altitudes (67, 500, 1000, and 1500 m) was conducted using the Hybrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT4) model 
(http://ready.arl.noaa.gov/HYSPLIT_traj.php).  Because wind directions varied from time to 
time, back trajectories were examined at four time points (every 6 hours) for every sampling 
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day at 2:00, 8:00, 14:00, and 20:00 for a total of 96 hours backwards.  To determine influence 
of transboundary pollutants on Singapore, back trajectory pathways were also compared with 
haze maps (available at website of National Environment Agency) showing hot spots.  The 
presence of transboundary pollution in Singapore was determined when airflow passed 
through hot spots before reaching Singapore.  Based on the back trajectory analysis, a shortest 
transport duration (24, 48, 72, or 96 hours) was also identified to indicate the shortest travel 
time of air flow from the nearest hot spot to Singapore. In addition, data of visibility in 
Singapore during the sampling periods were retrieved from www.wunderground.com to 
evaluate effects of transboundary pollution on Singapore. 
 
3.3  Chemical Analysis 
Ultrapure water was used to extract water soluble compounds, and short-chain DCAs before 
ionic analysis using an ion chromatograph (IC) system.  Prior to analysis, all glass apparatus 
were treated at 500oC for at least 2 hours to remove undesired organic contaminants.  One out 
of the four filter samples collected in 2008 underwent water extraction.  For the particulate 
filter samples collected in 2006 and 2009, a half of the two filter samples underwent water 
extraction.   
The filter samples were placed between 2 cleaned Y-shape Teflon separators in a beaker to 
maximize the contact between water and the filter sample.  Filter samples were immersed in 
10 mL of ultra pure water and sonicated for 30 minutes.  The extract was then filtered using a 
Nylon membrane syringe filter with a pore size of 0.45 µm (Environmental Express, USA).  
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The filtered extracts were used for chemical analysis of IC separation.  A blank filter was 
extracted and analyzed along with samples to correct effects of background interference.  
 
IC analysis 
For IC analysis, a Dionex IC system (ICS 3000) consisting of an eluent generator (EG with 
continuously regenerated trap column (CR-TC), conductivity detector was utilized.  Cations 
(NH4+, K+, Na+, Ca2+, Mg2+) were determined by a column IonPac CS12A (Dionex) coupled 
with a guard column of AG12A (Dionex) maintained at 30oC.  The isocratic mobile phase 
comprising methanesulfonic acid (MSA) of 20 mM was operated at a flow rate of 1.0 mL/min 
for 16 min.  To quantify anions (Cl-, NO3-, SO42-, short-chain DCAs), a column Ionpac AS11-
HS (Dionex) coupled with a guard column AG12A (Dionex) was kept at 30oC for 30-min 
analysis of each injection.  The gradient mobile phase comprising potassium hydroxide 
(KOH) was maintained at a flow rate of 1.8 mL/min.  Before every batch of injection, 
standards were applied to evaluate the limit of detection of individual compounds and the 
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Chapter 4: RESULTS AND DISCUSSION 
 
4.1  Effects of Transboundary Pollution on Bulk and Size Segregated 
Particulates 
4.1.1  Identification of Influence of Transboudanry Smoke 
Sampling days in 2006, 2008, and 2009 were classified into two categories: presence vs. 
absence of transboundary pollution. Based on the back trajectory analysis, more than 70% of 
transboundary pollution days in 2006, 2008, and 2009 were affected by the transboundary 
smoke which was transported as short as 24 hours. During sampling period in 2006 (JDs 284–
299), Singapore was affected by the transboundary biomass burning smoke for 14 consecutive 
days (JDs 284–297). During this period, daily visibility varied from 3–10 km with a mean 
value of 6 ± 2.3 km, much lower than that during the two days (JDs 298–299) without 
transboundary smoke (Table 4.1). During JDs 285 and 287, the biomass burning smoke 
traveled for at least 48 hours to reach Singapore, while on JDs 292 and 294, traveled for 96 
and 72 hours, respectively (Figure 4.1). However, the transport duration appears to weakly 
correlate with the particulate concentration at the receptor site (Singapore) (Figure 4.1).   




















































































Figure 4.1: (a) gravimetric data vs. the minimal transport duration of smoke to reach 
Singapore, and (b) gravimetric data and visibility during the sampling period in 2006. 
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In 2008 (JDs 252–279), southwest wind was the dominant wind direction throughout the 
entire sampling period. Singapore was affected by transboundary smoke originating from 
Southern Sumatra for 12 consecutive days (JDs 263–274).  Of these days, the transboundary 
smoke was transported for 48 hours to reach Singapore on JDs 270 and 271, while for 24 
hours (from Sumatra) on JDs 263, 265, 266, 267, 268, 269, 272, 273, and 274 (Figure 4.2).  
During the 12 days with transboundary smoke, visibility in Singapore varied marginally, 
ranging from 7 to 10 km with an average of 9.1 ± 1 km, similar to that for the days without 
transboundary smoke (9.3 ± 0.8 km) (Table 4.1). This could be due to less intensive fire or 
fewer hot spots compared to those in 2006 although reactions during transport could also 




















































































Figure 4.2: (a) gravimetric data vs. the minimal transport duration of smoke to reach 
Singapore, and (b) gravimetric data and visibility during the sampling period in 2008. 
 
In 2009 (JDs 219–309), there were four intermittent sampling days (JD219, 255, 267, 273) 
when Singapore experienced transboundary biomass burning smoke from southern Sumatra.  
Only JD 219 experienced smoke that travelled for 24 hours; the other three days (JDs 255, 
267, and 273) were influenced by smoke transporting for at least 48 hours (Figure 4.3).  The 
daily visibility during the three days under influence of transboundary smoke ranged from 7–9 
km with an average of 8 ± 0.8 km (Table 4.1), similar to the averaged visibility on the days 
without transboundary smoke (9.2 ± 0.6 km).  

















































































Figure 4.3: (a) gravimetric data vs. the minimal transport duration of smoke to reach 
Singapore, and (b) gravimetric data and visibility during the sampling period in 2009. 
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Table 4.1 also summarizes the correlation between visibility and particulates during the three 
sampling periods. Only in 2006, visibility exhibited a satisfactory linear correlation with 
PM2.5 (R2>0.85) with less association with PM10 (R2>0.52) (Table 4.1). This indicates that 
only strong influence of transboundary smoke demonstrates better correlation between PM2.5 
and observed visibility; during less than significant influence of transboundary smoke, index 
other than visibility may better reflect the impacts on the atmospheric environment at the 
receptor sites. 
Table 4.1: Visibility and its correlation with particulate matter during the sampling periods in 
2006, 2008, and 2009. 
 2006 2008 2009 
Julian day 284 – 299  252 – 279  219 – 309  
Average visibility (km) 
  With transboundary 
  Without transboundary 
 
6 ± 2.3 (n = 14) 
10 ± 0.5 (n = 2) 
 
9.1 ± 1.0 (n =12) 
9.3 ± 0.8 (n =16) 
 
8 ± 0.8 (n = 4) 
9.2 ± 0.6 (n=12) 
PM2.5 vs.visibility linear 
correlation (R2) 
  Overall 
  With transboundary 
  Without transboundary 
 
 
0.89 (n = 16) 




0.07 (n = 28) 
0.03 (n = 12) 
0.08 (n = 16) 
 
 
0.30 (n = 16) 
0.18 (n = 4) 
0.03 (n = 12) 
PM10 vs. visibility linear 
correlation (R2) 
  Overall 
  With transboundary 
  Without transboundary 
 
 
0.67 (n = 16) 




0.12 (n = 28) 
0.17 (n = 12) 
0.17 (n = 16) 
 
 
0.23 (n = 16) 
0.24 (n = 4) 
0.01 (n = 12) 
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4.1.2  PM2.5 and PM10 
Table 4.2 summarizes PM10, PM2.5 and PM10 to PM2.5 ratio during the sampling periods 
(2006, 2008, and 2009) of this study, and in other studies. In 2006, PM10 and PM2.5 increased 
3 times (from 37.3 to 110.2 µg/m3) and 3.3 times (from 29.1 to 95.1 µg/m3) (Table 4.2).  
During the most severe smoke episode in 1997, PM10 was elevated up to 501 µg/m3 (at 
Petaling Jaya, Malaysia), 6.7 times of that during non-episode period (Abas et al., 2004).   
Table 4.2 shows that in 2006 the transboundary smoke enhanced PM10 by almost 2 times, 
while PM2.5 by around 2.3 times.  This indicates that transboundary smoke contributed to 
PM2.5 more than PM10 at the receptor site (Singapore).  It is worthwhile to note that burning 
conditions (such as flaming vs. smoldering) can substantially affect the composition of 
emitted smoke.  Similar ratios between PM10 and PM2.5 were reported by other studies (Ward 
et al., 2006; Kang et al., 2004).  Ward et al. (2006) observed that the PM10 to PM2.5 ratio in 
Montana (USA) declined from 2.4 ± 0.48 (during days without transboundary smoke from 
forest fires) to 1.3 ± 0.2.  There were only two sampling days (JDs 298–299) (2006) 
unaffected by transboundary smoke with a PM10 to PM2.5 ratio as low as 1.35 (Table 4.2).  
In 2008, transboundary smoke (JDs 252–262, and JDs 275–279) increased both PM10 and 
PM2.5 by 38% relative to days without transboundary pollution (JDs 263–274) (Table 4.2). 
The averaged PM2.5 of the periods under influence of transboundary pollution (19.2 µg/m3) 
remained lower than the 24h PM2.5 standard (35 µg/m3), supporting that the transboundary 
smoke in 2008 did not affect the ambient particulates in Singapore significantly, consistent 
with the observations of changes in visibility (Table 4.1). This can be supported by the PM10 
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to PM2.5 ratio, which had similar values (~2.2) regardless of the presence of transboundary 
pollution (Table 4.2).  
In 2009, during the four days with transboundary pollution, PM10 and PM2.5 were enhanced 
by 41% (42.2–59.5 µg/m3) and 56% (20.4–31.8 µg/m3), respectively (Table 4.2).  Similar to 
the data in 2008, the averaged PM2.5 (~32 µg/m3) for the days affected by transboudanry 
smoke was within 24-h PM2.5 standard (35 µg/m3), indicating that the transboundary biomass 
burning smoke in both years only moderately affected to Singapore.  An insignificant 
decrease in the PM10 to PM2.5 ratio (from 2.2 ± 0.5 to 1.9 ± 0.3) during the days with 
transboundary pollution was observed (Table 4.2), consistently demonstrating that 
transboundary smoke contributed more to PM2.5 than coarse mode particulates.   
Table 4.2: Effects of transboundary smoke on PM10 and PM2.5 during the sampling periods in 
2006, 2008, and 2009, and in other studies on transboundary biomass burning pollution. 
Duration/ Periods Julian days PM10 (µg/m3) PM2.5 (µg/m3) PM10 to PM2.5 
11 – 25 Oct 2006, Singapore 
(1) With transboundary 
smoke 
284 – 297 110.2 ± 33.8 95.1 ± 42.3 1.3 ± 0.5* 
(n = 10) 
(2) Without transboundary 
smoke 
298, 299 37.3 29.1 1.3 










 195% 227%  
8 Sep – 5 Oct, 2008, Singapore 
(1) With transboundary 
smoke 
263 – 274 41.6 ± 3.27 19.2 ± 2.85 2.2 ± 0.4 
( n = 12) 
(2) Without transboundary 
smoke 
252 – 262; 
275 – 279 
30.1 ± 6.00 13.9 ± 3.31 2.2 ± 0.3 
(n = 16) 










 38% 38%  
7 Aug – 5 Nov, 2009, Singapore 




59.5 ± 6.76 31.8 ± 8.62 1.9 ± 0.3 
(n = 4) 
(2) Without transboundary 
smoke 
the others 42.2 ± 11.33 20.4 ± 6.24 2.2 ± 0.5 










 41% 56%  
Brunei Darussallam (Radojevic and Hassan, 1999) 
(1) With transboundary 
smoke 
1 Feb – 30 
Apr, 1998 
109.9 - - 
(2) Without transboundary 
smoke  










 439% - - 
Petaling Jaya, Malaysia (Abas and Simoneit, 1996; Fang et al., 1999; Abas et al., 2004)  
(1) With transboundary 
smoke 
 TSP - - 
(1a) Sep 1991 311   
(1b) Sep 1994 227   
(1c) Sep 1997 501   
(2) Without transboundary 
smoke  






























 577% - - 
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Singapore (See et al., 2006) 
(1) With transboundary 
smoke 
Mar 2001 – 
Mar 2002 
- 38.96 - 
(2) Without transboundary 
smoke  
Mar 2001 – 
Mar 2002 










 - 100% - 
Montana, USA (Ward et al., 2006) 





(1a) First event 10 – 23 Aug, 
2003 
115  1.3 ± 0.2 
(1b) Second event 30 Aug – 8 
Sep, 2003 
67   
(2) Without transboundary 
smoke  
9 – 27 Sep, 
2003 




















 235% - - 
Seoul, South Korea (Kang et al., 2004) 
(1) With transboundary 
smoke 
Oct – Nov 
2001 
- 60 - 90 1.6 
(2) Without transboundary 
smoke  
Oct – Nov 
2001 










 - 100 - 200% - 
Aveiro, Portugal (Pio et al., 2008) 
(1) With transboundary 
smoke 
Jul – Aug 
2003 
- 131 - 
(2) Without transboundary Jul – Aug - 40.1 - 
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 - 227% - 
Helsinki, Finland (Niemi et al., 2009) 
(1) With transboundary 
smoke 
1999 – 2007 - 25 – 49 - 
(2) Without transboundary 
smoke  










 - ~ 300% - 
(*) this period excluded JD 292, 293, 295, 296 due to PM2.5 conc. on these days were higher 
or equal to PM10 conc. 
 
4.1.3  Size Segregated Particulate Matter 
Table 4.3 compares the PM2.5 collected by the Anderson PM2.5 samplers with the accumulated 
particulate mass up to stages 9 and 10 collected by ELPI.  The latter correspond to a cut-off 
size of 1.6 and 2.4 µm, respectively.  The cut-off diameter of an ELPI impactor is defined as 
the size of particles collected with 50% efficiency.  Relative to the bulk PM2.5, the ratio of 
accumulated particulate concentration up to stages 9 and 10 was respective 0.98 ± 0.05 and 
1.10 ± 0.06 (Table 4.3); the accumulated mass up to stage 9 appeared to be more comparable 
with the PM2.5 collected by the Andersen sampler, and thus are employed for comparison with 
bulk particulates for following discussions. 
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Table 4.3: Comparison of accumulated particulate in size segregated ELPI with PM2.5 by ratio 
and by root mean square error 
Week 
 






  Up to stage 9 Up to stage 10   Stage 9/PM2.5 Stage 10/PM2.5 
 Mean sd Mean sd Mean sd Ratio sd Ratio sd 
1 11.87 0.06 13.39 0.06 14.90 0.44 0.80 0.02 0.90 0.03 
2 16.64 0.06 18.03 0.06 15.36 0.46 1.08 0.03 1.17 0.04 
3 21.12 0.04 24.08 0.04 20.30 0.54 1.04 0.03 1.19 0.03 
4 14.91 0.04 17.22 0.04 15.17 0.33 0.98 0.02 1.13 0.03 










  Up to stage 9 Up to stage 10   Stage 9/PM2.5 Stage 10/PM2.5 
 Mean sd Mean sd Mean sd Bias RMSE Bias RMSE 
1 11.87 0.06 13.39 0.06 14.90 0.44 -3.03 9.18 -1.51 2.28 
2 16.64 0.06 18.03 0.06 15.36 0.46 1.28 1.64 2.67 7.13 
3 21.12 0.04 24.08 0.04 20.30 0.54 0.82 0.67 3.78 14.29 
4 14.91 0.04 17.22 0.04 15.17 0.33 -0.26 0.07 2.05 4.20 
     Total -0.30 1.70 1.75 2.64 
RMSE: root mean square error 
 
Figure 4.4 shows the accumulated concentration as a function of particle (cut-off) size.  Each 
data point represents an averaged concentration over a week in 2008.  There were a total of 
four sets (weeks) of data; each set of data comprised 12 size stages of particulates.  Week 1 
(JDs 252–258, in hallow diamond symbol) was considered as “background” with the lowest 
concentration among the four data sets (Figure 4.4) for absent transboundary smoke.  Week 3 
(JDs 266–272, in solid triangle symbol) was fully influenced by the transboundary pollution, 
resulting in the highest concentration for every stage of particulates (Figure 4.4).  Both weeks 
2 (JDs 259–265, in hallow square symbol) and 4 (JDs 273–279, in hallow circle symbol) were 
partially influenced by transboundary pollution, with a concentration between the data of 
weeks 1 and 3, as expected.  
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PM2.5  - Week 1
PM2.5 - Week 2
PM2.5 - Week 3
PM2.5 - Week 4
 
Figure 4.4: Accumulative mass concentration of size segregated particulates during sampling 
period of 2008 
 
The trend among the four weeks is consistent with the mass concentration in individual size 
stages (Figure 4.5).  In more detail, the size of particulates generally appeared in bimodal 
distribution, peaking at cut-off size of 0.38 and 4.1 µm, except week 2 (in hallow squares) 
with an additional peak at 1.6 µm. The bimodal distribution agrees with the observations in 
several other studies conducted at Helsinki, also affected by transboundary pollution of 
biomass burning, showing peaks at 0.4–0.7 µm and 4.7–5.7 µm (Hien et al., 2007), for 
example.  It should be noted that the specific peak size vary depending on many factors such 
as sampling locations, emission sources and the weather conditions.  





















Figure 4.5: Distribution of particulates during the sampling period in 2008. 
 
Figure 4.5 also indicates that transboundary smoke reinforced, rather than altering, the overall 
trend of size distribution with higher concentration focusing on the cut-off diameters between 
0.1 to 1 µm.  Relative to week 1, the concentration of stage 6 with a cut-off size of 0.38 and 
4.1 µm of week 3 are around 2.1 times of the corresponding stages in week 1.  This reinforces 
the previous observation that the trasnboundary smoke contributed most to particulates in fine 
mode, compared to coarse mode.    
 
4.2  Effects of Transboundary Pollution on Oxalates in PM2.5 
Figure 4.6 shows the temporal trend of PM2.5 and total oxalates therein during the sampling 
period in 2006, 2008, and 2009.  Compared to the days without transboundary smoke, the 
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total oxalates was increased by 2.5 times in 2006 (from 463 to 1637 ng/m3), 1.6 times in 2008 
(from 148 to 378 ng/m3), and 0.6 times in 2009 (from 392 to 632 ng/m3) (Table 4.4).  Other 
studies showed that transboundary smoke of biomass burning increased oxalates in PM2.5 for 
at least 10% (Table 4.4).  Hence, substantial surge in the concentration of oxalates in fine 
particulates can be a feature reflecting the influence of transboundary smoke of biomass 
burning. Relative to PM2.5 concentration, variation in oxalates to PM2.5 ratio due to 
transboundary smoke seems to be less than significant (see Appendix D). 
There is reasonable linear correlation coefficient (R2) between the total oxalates and PM2.5 
during the sampling period in 2006, 2008, and 2009 (Appendix A).  Oxalates in PM2.5 
satisfactorily correlate with PM2.5 during intensified transboundary smoke in Singapore, while 
the correlation decreased substantially as the influence of trasnboudary smoke lessened in 
2008 and 2009.  In 2006, oxalates well correlated with PM2.5 (R2=0.86) throughout the 14 
days with the influence of transboundary smoke.  The different correlation among the three 
sampling periods is consistent with the linear correlation between visibility and PM2.5; only 
when the influence of transboundary smoke was strong, an satisfactory linear correlation (e.g., 
in 2006) be observed between reduced visibility and PM2.5. 















































































































































Figure 4.6: Temporal trend of PM2.5 and oxalate during sampling period of (a) 2006; (b) 2008; 
and (c) 2009. 
 
Table 4.4: Concentrations of oxalates under transboundary pollution. 
Sampling site 
(sampling time) 







334 – 2682 
335 - 592  
1637 ± 648 (n=14) 





(Sep – Oct 2008) 
185 – 837  
55 – 265  
378 ± 175 (n=12) 





(Aug – Oct 2009) 
479 – 731  
89 – 977  
624 ± 113 (n=4) 





2001 – Mar 2002) 
10 – 6920  
40 – 6120  
930 ± 1560 (n=108) 
800 ± 1610 (n=107) 
Yes 
No 
See et al., 2006 
Helsinki, Finland 
(Aug – Sep 2002) 
 





Sillanpaa et al., 
2005 
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Sumatra, Indonesia 
(Mar 2005) 
1300 – 2900   Yes See et al., 2007 
Tainan, Taiwan 





Hsieh et al., 
2009 
Moitinhos, 
Portugal (Jul – Aug 
2003) 
180 – 783  360 Yes Pio et al., 2008 
 
 
4.3  Effects of Transboundary Pollution on Size Distributions of Inorganic 
Ions and Oxalates 
As mentioned in section 4.1, the influence of transboundary smoke on the four sampling 
weeks in 2008 varied.  The first week is taken as background (or reference) condition because 
of absent effects of transboundary smoke.  The 2nd and 4th weeks were partially affected by 
transboundary smoke; Singapore experienced transboundary smoke of biomass burning in 3 
and 2 out of 7 days during the 2nd and 4th week, respectively.  According to satellite images, 
there were substantially more hot spots in the 2nd week than that in the 4th week.  Hence, 
Singapore was expected to experience stronger influence of transboundary smoke in week 2 
than in week 4.  The 3rd week had the most severe impacts of transboundary smoke, which 
lasted throughout the entire week.  The variation in the influence of transboundary smoke 
along with other factors (e.g., emission sources and atmospheric reactions) could be reflected 
in the concentration and size distribution of ionic species discussed below. 
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4.3.1  Size Distribution of Cations 
Figure 4.7 shows size distributions of four cations (NH4+, K+, Mg2+, Ca2+) for consecutive 
four weeks in 2008.  Na+ was excluded because of overly high background interference (see 
Appendix B).   While particles of size ~0.2 and ~0.7 µm were recognized as in condensation 
and droplet modes (Seinfeld and Pandis, 2006), based on studies employing MOUDI to 
segregate collected particulates, overall particulates measured in size ranges of < 0.097 µm, 
0.097 – 0.32 µm, and 0.32 – 1.8 µm are referred as in nuclei, condensation and droplet modes, 
respectively (Liu et al. 2008; Yao et al. 2002; Hsieh et al. 2009).  Except the study of Hsieh et 
al. who grouped particles in the droplet mode with a size up to 2.5 µm, aerosols with a cut-off 
size larger than 1.8 um can be considered involving coarse particles (Liu et al., 2008; Yao et 
al., 2002).  Since this study used an ELPI to segregate airborne particulates, to classify 
particulates in size ranges comparable with the cut-off size of MOUDI adopted by previous 
studies, the discussion below addresses particulates smaller than 0.094 µm as nuclei mode. 
Particle size ranging from 0.094 – 0.384 µm and 0.384 – 1.6 µm are referred as condensation 
mode and droplet mode, respectively.  Aerosols larger than 1.6 µm are termed as coarse 
particulates.  
Among the four cations to be discussed, NH4+ was the most abundant with a unimodal size 
distribution peaking at 0.384 µm during all four weeks (Figure 4.7a).  In this study, abundant 
NH4+ in the droplet mode (0.384 µm) could be due to reactions or condensation of NH3 to 
neutralize acidic particles (Seinfeld and Pandis, 2006; Zhuang et al., 1999; Zhao and Gao, 
2008).  Transboundary smoke during weeks 2, 3, and 4 enhanced the concentrations of NH4+, 
in particular in size smaller than 1 µm without changing the overall size distribution (Figure 
4.7a).  An unusual appearance of NH4+ in 0.029 µm (nuclei mode) in week 2 is observed.  
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Table 4.5 presents concentration ratios of individual ions in fine-mode to coarse-mode (fine-
coarse) particulates; all the calculations were based on concentrations of size segregated 
concentrations in 4 sampling weeks of 2008.  Concentration of fine mode is the sum of 
particle concentrations from stage 1 to stage 9 of the ELPI, and concentration of coarse mode 
is the sum of particle concentrations from stage 10 to stage 12.  As discussion in 4.1.3 above, 
cut off diameters of ELPI in stage 9 and 10 were 1.6 and 2.4 µm, respectively.  The fine-
coarse ratio of NH4+ increased from 48.8 in week 1 to more than 61.7 when there was 
influence of transboundary smoke, suggesting that transboundary pollution of biomass 
burning enhanced NH4+ more in fine particulates.   
K+ is considered as a biomass combustion marker in many aerosol studies (Sillanpaa et al., 
2005; Ward et al., 2006; Niemi et al., 2009; Krivacsy et al., 1998; Spindler et al., 2010).  
Similar to NH4+, Figure 4.7b shows that K+ peaked at the cut-off diameter of 0.384 µm during 
the four sampling weeks although K+ presented a mild bimodal distribution with an additional 
peak concentration in the coarse mode (4.1 µm) during the first sampling week (Figure 4.7b).  
Other studies observed that when K+ is in bimodal distribution, its concentration in the fine 
mode was affected by biomass burning smoke (Sillanpaa et al., 2005; Park and Kim, 2004; 
Matta et al., 2003; Parmar et al., 2001) whereas K+ in coarse mode was mainly due to 
particulates from sea spray (Hsieh et al., 2009; Krivacsy et al., 1998; Tursic et al., 2006).  
Under influence of transboundary pollution (weeks 2, 3, and 4 of sampling period), there were 
increases of K+ concentration in fine particles, particularly at 0.384 µm, but less in the coarse 
mode (Figure 4.7b).  Since the influence of transboundary pollution in week 2 was stronger 
than that in week 4, it is expected that the concentration of K+ in week 2 was somewhat higher 
than that in week 4.  Table 4.5 shows that fine-coarse ratio of K+ was enhanced from 1.78 
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during non-transboundary pollution week (week 1) up to 7.15 in week 3 when the influence of 
transboundary smoke lasted through the whole week.  This is consistent with observations in 
other published data that intense forest biomass burning smoke elevated the fine-coarse ratio 
of K+ for 14 times (Pio et al., 2008).  
Figure 4.7c shows that Mg2+ mainly resided in coarse mode particles throughout the four 
sampling weeks with substantial increase in concentration due to transboundary smoke, 
enhancing amounts of particulates of 2.4 and 4.1 µm for more than 3.85 and 6.46 times, 
respectively.   Transboundary smoke in week three shifted the peak size to larger than 2.4 µm 
and elevated the peak concentration of Mg2+ for more than 2.85 times (relative to week 1) 
(Figure 4.7c). This indicates that transported smoke could carry coarse particulates (e.g. re-
suspended soil particles) containing Mg2+ (Sillanpaa et al., 2005; Nolte et al., 2001; Allen and 
Miguel, 1995) because a number of studies showed that Mg2+ mainly deposited in coarse 
particles with a significant linear correlation (R2>0.9) with Ca2+ (Krivacsy and Molnar, 1998; 
Tursic et al., 2006; Hsieh et al., 2009; Matta et al., 2003) that could be due to both sea salts 
and crustal particles.  Since the size distribution of K+ showed that the contribution of sea 
spray during smoke episode was similar to non-episodic period, the observed increase in Mg2+ 
could be mainly due to crustal materials brought by transboundary smoke.  
Figure 4.7d shows that there is little consistent trend in the size distribution of Ca2+ among the 
four sampling weeks although Ca2+ showed a higher concentration in coarse particles, and 
increased in concentration when there was transboundary smoke during weeks 2 and 4.  
During the 1st week (taken as a background condition), the concentration of Ca2+ peaked at 
1.6 µm, similar to that of Mg2+ (Figure 4.7c), which could be mainly due to soil particles as 
mentioned above.  During week 3 when the influence of transboundary smoke lasted 
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throughout the whole week, the size distribution of Ca2+ resembled that of Mg2+, surging at 
2.4 µm.  On the other hand, when Singapore was under partial influence of transboundary 
pollution during weeks 2 and 4, the concentration of Ca2+ increased with increasing particle 
size; consistent with Mg2+, Ca2+ mostly concentrated in coarse particles (Figure 4.7c), 
indicating the contribution from crustal particles (Teinila et al., 2003; Zhuang et al., 1999; 
Hsieh et al., 2009; Tursic et al., 2006; Kerminen et al., 1999).  This can be further illustrated 
by Table 4.5 showing that transboundary pollution decreased the fine-coarse ratios of both 
Mg2+ and Ca2+ compared to that in week 1, indicating biomass burning smoke reinforced the 
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Figure 4.7: Mass size distribution of (a) NH4+; (b) K+; (c) Mg2+; (d) Ca2+ during 4 weeks of 
sampling period in 2008 
 
Table 4.5: Fine/ coarse ratio of size segregated particles during 4 weeks of sampling period in 
2008 
 NH4+ K+ Mg2+ Ca2+ Cl- NO3- SO42- Oxalate 
Week 1 48.8 1.8 0.5 3.9 1.0 0.9 6.8 5.6 
Week 2 66.4 4.6 0.1 1.3 1.2 0.4 6.0 3.0 
Week 3 63.5 7.2 0.2 0.3 0.3 0.5 34.0 8.4 
Week 4 61.7 3.5 0.3 0.6 0.3 0.6 54.0 6.3 
 
4.3.2  Size Distribution of Anions 
Figure 4.8 depicts the size distribution of three anions (Cl-, NO3-, SO42-) during the four 
sampling weeks.  Overall, there was a similar size distribution of Cl- among the four sampling 
Ca2+ 
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weeks that Cl- was mainly hosted by coarse particles (Figure 4.8a).  The concentration of Cl- 
peaked at 4.1 µm during the 1st week (without influence of transboundary smoke), while it 
showed an increase (5 – 37%) in concentration in larger particles (6.7 µm) during rest three 
weeks when Singapore was affected by transboundary smoke.  This demonstrates that Cl- was 
mainly originated from sea salt particles, a dominant component in coarse particles, and 
would be closely associated with Na+ in coarse mode (Tursic et al., 2006; Sillanpaa et al., 
2005; Yao et al., 2003; Matta et al., 2003; Krivacsy et al., 1998; Zhao and Gao, 2008).   
Figure 4.8b shows that NO3- also concentrated in coarse particles.  When there was influence 
of transboundary smoke, its peak concentration in coarse sizes was at least 1.3 times (e.g., 2.4 
and 4.1 µm) of that during the 1st week (4.1 µm).  NO3- in coarse particulates could be 
contributed by sea spray (Zhuang et al., 1999; Yao et al., 2003; Rinaldi et al., 2007; Park and 
Kim, 2004; Zhao and Gao., 2008).  Pakkanen et al. (1996) proposed that when the 
thermodynamic equilibrium HNO3(g) + NH3(g) = NH4NO3(s) favors the formation of 
NH4NO3, nitrate would concentrate in fine particulates, otherwise reactions of HNO3 with 
NaCl in the coarse particles can dominate over other reactions.  However NH4NO3(s) is 
volatile, less NO3- was observed in fine particulates (Zhuang et al., 1999; Seinfeld and Pandis, 
2006).  A decrease in the fine-coarse ratio of NO3- during transboundary pollution weeks 
(Table 4.5) indicates that elevation in NO3- mainly occurred in coarse particles.  When 
transboundary smoke was most severe in the week 3, the peak concentration of nitrate was 
shifted down from 4.1 µm to 2.4 µm.   
SO42- was the most abundant ionic species among all the analyzed ions in this study; Figure 
4.8c shows that SO42- peaked in the droplet mode of 0.384 µm through out the four sampling 
weeks.  This is consistent with other studies (Liu et al., 2008; Zhuang et al., 1999, Zhao and 
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Gao, 2008) attributing to strong photochemical reactions and long-range transport of aerosols.  
However, when transboundary pollution affected 3 days in week 2, concentration for almost 
all particle size increased, differing from other three weeks, which is actually closer to the 
background condition (week 1) (Figure 4.8c).  A rare peak of SO42- in nuclei mode (0.029 
µm) is consistent with the surge of NH4+ in this mode in week 2, which could be due to gas-
phase reactions, leading to nucleation of particles (Zhuang et al., 1999).  Table 4.5 expresses 
that SO42- is dominant in fine particulates with a fine-coarse ratio enhanced up to 34 during 
weeks 3 and 4.  This implies that transboundary smoke enhanced SO42- in fine particulates 
more than in coarse aerosols; SO42- concentration in fine mode approached 34 times of that in 
coarse mode.  In other studies, the fine-coarse ratio of SO42- at the receptor sites could reach 
15.9 (at Taiwan) or 39.4 times (at Portugal) because of the impacts of transboudanry smoke 
































































































































Figure 4.8: Mass size distribution of (a) Cl-; (b) NO3-; (c) SO42- during 4 weeks of sampling 
period in 2008 
NO3- 
SO42- 
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4.3.3  Size Distribution of Oxalates 
Figure 4.9 displays the size distribution of oxalates during the four sampling weeks.  In the 
first sampling week (without transboundary smoke), oxalates showed a peak concentration in 
particles of 0.384 µm, consistent with NH4+, K+, and SO42-.  During the 2nd sampling week, 
the concentration of oxalates was elevated with a bi-modal distribution peaking at 0.384 
(58.66 ng/m3) and 2.4 µm (31.66 ng/m3).  These two peaks remained through both the 3rd and 
4th weeks.  During the third sampling week, the strong presence of transboundary smoke 
yielded oxalate in a tri-modal distribution with an additional peak in 0.057 µm (nuclei mode). 
During the 4th week where transboundary smoke (with fewer hot spots compared to week 2) 
lasted for 2 sampling days of the week, size distribution of oxalates in week 4 appeared 
similar to that during the first week (without influence of transboundary smoke).  The fine-
coarse ratios of oxalate were increased from 5.56 in non-transboundary pollution week (week 
1) up to 8.42 in week 3 (Table 4.5), indicating that more oxalates were hosted by fine particles 
when effects of transboundary smoke were somewhat noticeable during week 3 where PM2.5 
in creased by 78% (from 11.87 µg/m3 in week 1 to 21.12 µg/m3 in week 3).  
Most atmospheric oxalates were in bi-modal size distribution, with specific size ranges 
depending on sampling locations.  For example, when particulates were sampled at urban 
locations (New Jersey, USA), oxalates peaked in 0.32 – 0.56 µm and 1.0 – 1.8 µm (Zhao and 
Gao, 2008), although particulates collected at a coastal urban area (Hong Kong) surged only 
at 0.54 – 1.0 µm (Yao et al., 2002).  Kerminen et al. (1999) collected particulates at Arctic 
areas and observed that most oxalates concentrated in 0.32 µm and 1.8 µm.  Due to effects of 
transboundary smoke on the urban area (Helsinki), coarse mode oxalate concentrated at 2.5 ± 
0.8 µm (Sillanpaa et al., 2005).  Transboundary smoke of biomass burning appeared to 
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elevated oxalates at the receptor site (Taiwan) particularly in 0.67 µm (Hsieh et al., 2009), 
differing from this study (peaking at 0.384 and 2.4 µm).  The enrichment of oxalates in 2.4 
µm (31.66 ng/m3) appears unique compared with other studies, and could be attributed to 
heterogeneous formation of oxalic acid on surface of sea salt particles (Mochida et al., 2003; 






































Figure 4.9: Mass size distribution of oxalates during 4 weeks of sampling period in 2008 
 
Oxalates were generally distributed less in coarse mode and more in fine particulates (and 
droplet mode).  In this study, this is particularly pronounced at 0.384 µm (fine mode) and 2.4 
µm (coarse mode) for oxalates. During weeks 2 and 3 when oxalates were increased most 
prominently by transboundary smoke, the concentration of oxalates in fine particulates (< 1.6 
µm) increased 1.8 and 2.1 times, compared to 3.8 and 1.4 times at coarse mode particles (>1.6 
Oxalates 
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µm), implying that oxalate concentration in fine particulates increased concurrently with that 
in coarse aerosols. 
During the third sampling week, the strong presence of transboundary smoke yielded oxalate 
in a tri-modal distribution with an additional peak in 0.057 µm (nuclei mode), which could be 
due to gas phase photochemical reactions of hydrocarbons with oxidants (e.g., OH radicals 
and O3) followed by gas-particle condensation (Yao et al., 2003; Kawamura and Ikushima, 
1993).  The observation of oxalates in the nuclei mode in this study is also consistent with 
earlier work by Kerminen et al. (1999) who considered that oxalates found in the Aitken 
mode was attributed to gas-to-particle condensation.  They further indicated the potential of 
homogeneous nucleation of oxalates with vapor like water and ammonia.  Other size 
distribution studies also reported the presence of oxalates in nuclei mode, including the size of 
0.069 µm (Sillanpaa et al., 2005), 0.081 µm (Kerminen et al., 1999), < 0.097 µm (Yao et al., 
2002), and 0.19 – 0.54 µm (Hsieh et al., 2009).  Among these studies, two groups showed that 
transboundary smoke little increased oxalates in nuclei mode for at least 119% (Hsieh et al., 
2009; Sillanpaa et al., 2005).  Since biomass burning smoke generated a large amount of 
volatile organics (e.g., fatty acids), which could act as precursors of nuclei-mode oxalates in 
atmosphere (Pio et al., 2008; Graham et al., 2002; Herckes et al., 2006).   
 
4.3.4  Correlation Among Ionic Species 
Table 4.6 summarizes the potential linear correlation of mass-based size distribution among 
the ionic species analyzed.  As discussed in section 4.1.3, the fine particle concentration is the 
accumulative mass concentration from stage 1 to stage 9.  In this study, NH4+, K+, SO42-, and 
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oxalates were mainly distributed in fine aerosols, peaking at 0.384 µm, hence the linear 
correlations among these species are evaluated only for fine particulates (PM2.5).  The 
concentration of NH4+ was well correlated with SO42- concentration (Table 4.6), consistent 
with the observations of Hsieh et al. (2009) proposing that during smoke episodes of biomass 
burning, (NH4)2SO4 was concentrated in fine particles.  Although SO42- and NO3- compete for 
available NH4+, NH4+ is preferentially scavenged by SO42- (Seinfeld and Pandis, 2006; Bao et 
al., 2009; Liu et al., 2008).  Correlation between NH4+ and SO42- enhanced from 0.76 in week 
1 (no transboundary pollution) to 0.89–0.93 when there was transboundary pollution (Table 
4.6), suggesting that NH4+ strongly associated with SO42- (or presence of (NH4)2SO4) in the 
transboundary biomass smoke.  This also indicates the abundant ammonium sulfate in 
transboundary smoke, agreeing with the study examining transboundary smoke on receptor 
site (Helsinki) given by Sillanpaa et al. (2005). 
Although during week 1 (as background period) when transboundary smoke was absent, NH4+ 
was linearly correlated with oxalates (R2 = 0.91) (Table 4.6). The correlation (R2) decreased 
to 0.60, 0.65, 0.87 in respective weeks 2, 3, and 4 (under transboundary pollution effect) 
(Table 4.6) with an unclear trend.  As transboundary smoke seemed to disrupt the correlation 
between NH4+ and oxalates, it appeared to concurrently reinforce correlation between NH4+ 
and SO42- (Table 4.6). 
In this study, oxalates and SO42- are highly linear correlated (R2>0.82) (Table 4.6) suggesting 
that they are associated with cloud processes regardless the effect of transboundary pollution, 
similar to other studies showing a close correlation between the two species (R2>0.70) (Zhao 
and Gao, 2008, Yao et al., 2003).  Although SO42- and oxalates emitted from similar sources 
could also exhibit close correlation, this will require field investigation in detail to verify. 
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When transboundary was present in Singapore, K+ was correlated with NH4+, SO42-, and 
oxalates better (R2 > 0.75) (Table 4.6); in fact, K+ showed a highest linear correlation with 
NH4+ and SO42- during week 3 when the influence of transboundary smoke was most severe, 
lasting through the entire week, unlike weeks 2 and 4.      
Table 4.6: Linear correlation coefficient between ions 
 SO42- NH4+ K+ Oxalate 
 
W1 W2 W3 W4 W1 W2 W3 W4 W1 W2 W3 W4 W1 W2 W3 W4 
SO42-     0.76 0.89 0.89 0.93 0.48 0.88 0.97 0.82 0.91 0.86 0.82 0.94 
NH4+         0.79 0.75 0.92 0.81 0.94 0.60 0.65 0.87 
K+             0.69 0.85 0.78 0.96 
Oxalate                 
 
4.3.5  Chemical Composition of Fine Particulates  
Based on size segregated data, Figure 4.10 presents fractions of analyzed ions in PM2.5.  The 
fraction labeled as “others” consisting of organic compounds, elemental carbon, metals, etc., 
was obtained based on the difference between PM2.5 and quantified species in the PM2.5 
(obtained in this study).  Concentration of Na+ was estimated based on Cl- with a molar ratio 
of 1:1 for Na+:Cl- (Tursic et al., 2006; Koulouri et al., 2008; Hsieh et al., 2009).  All the 
quantified inorganic ions (SO42-, NH4+, NO3- and oxalates) accounted for 27.8%, 26.8%, 
15.5%, and 19.1% of PM2.5 in week 1, 2, 3, and 4, respectively.  Among the quantified ions, 
SO42- was most abundant contributing 23.8%, 22.8%, 11.4%, and 13.9% of PM2.5 in week 1, 
2, 3, and 4, respectively.  Following SO42- was NH4+ and NO3- (Figure 4.1).  Although the 
absolute concentration of all the analyzed inorganic ions increased with stronger influence of 
transboundary pollutants, the corresponding fractions decreased (Figure 4.10), demonstrating 
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that fractions of others (including organic compounds, elemental carbons, etc.) in the urban 
atmosphere were elevated by the long range transported biomass burning smoke from 68.4% 
in week 1 (background condition) to 82.7% in week 3 when there was the strongest impacts of 
transboundary pollution.  This agrees with previous studies that transboundary smoke 
substantially increased organic carbons in PM2.5 in Singapore (Balasubramanian et al. 2003; 
See et al. 2006) (Table 4.7).  See et al. (2006) also showed a decrease in total ion fractions 
from 40.5% to 39.5% with stronger effects of transboundary smoke of biomass burning on 
























































Figure 4.10: Contribution of chemical species to mass concentration of fine particles.  
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Table 4.7 displays chemical compositions in PM2.5 (in percentage and averaged 
concentration) in various studies.  In both episodic and non-episodic periods, SO42- was 
always the dominant species among ions, varying from 11.5% to 35.2% of PM2.5 on clear 
days, and from 9.5% to 20.9% on transboundary pollution days (Table 4.7).  Transboundary 
pollution of biomass burning smoke significantly increased the concentration of SO42-.  This 
however, corresponds to a decrease in fraction of SO42- in PM2.5 mainly because of a 
substantial increase in the concentration and fraction of other components (e.g., organic 
carbons and K+) in PM2.5.  The second and third dominant ions were NH4+ and NO3-, 
contributing to more than 4% and 3% of PM2.5 in other studies (Table 4.7).  Similar to SO42-, 
concentrations of NO3- and NH4+ were substantially elevated by transboundary pollution 
(Table 4.7).  During the episode of transboundary pollution, the fraction of NO3- was elevated 
in 4 out of 6 studies (See et al., 2006; Hsieh et al., 2009; Sillanpaa et al., 2005; Park and Kim; 
2004) whereas NH4+ fraction was increased in 3 out of 6 studies relating to transboundary 
smoke, including See et al. (2006), Sillanpaa et al. (2005) and this study, (Table 4.7).  Being a 
possible biomass burning marker, the concentration of K+ increased due to the transboundary 
smoke in all studies (Table 4.7), subsequent to rise of its fraction in fine particle composition, 
except the study of Park and Kim (2004).   
Organic carbon (OC) could cover 14.9% to 39% of atmospheric aerosols (PM2.5) on clear 
days (Balasubramanian et al., 2003; See et al., 2006; Pio et al., 2008; Yang et al., 2005; Chow 
et al., 1993; Sun et al., 2004) (Table 4.7).  Transboundary smoke of biomass burning 
increased OC fraction in Singapore up to 39% of PM2.5 (Balasubramanian et al., 2003).  
Transboundary smoke substantially elevated organic compounds, (Abas et al., 2004; Fang et 
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al., 1999; Falkovich et al., 2005; Oros et al., 2001; Wang et al., 2009).  Of organic carbon, 
oxalates were a major compound class, responsible for 0.9% to 8.4% of particle composition 
(PM2.5) on non-episodic periods, for examples 4.1% oxalates in PM2.5 at Singapore in See et 
al.’s study (2006); 1.1% oxalates in PM2.5 at Taiwan in Hsieh et al.’s study (2009); 1.59% 
oxalates in  PM2.5 at Helsinki in Sillanpaa et al.’s study (2005).  Many studies (See et al., 
2006; Pio et al., 2008; Hsieh et al., 2009; Sillanpaa et al., 2005) reported enhancement of 
oxalates concentration due to transboundary smoke of biomass burning, which could be as 
high as 1294 ng/m3.  In the study of See et al. (2006), although the fraction of oxalates in 
PM2.5 decreased due to transboundary pollution, oxalates concentration was actually elevated 
by 16% (Table 4.7).  Therefore absolute concentration is considered together with 
corresponding fraction to properly understand effects of transboundary smoke.  In this study, 
transboundary smoke of biomass burning increased the fraction of oxalates from 0.8% in 
week 1 to 1.2 and 1.0% in weeks 2 and 3, with a highest concentration of 208 ng/m3 in week 
3.  In week 4, when only 2 days out of the week were affected by transboundary, the fraction 
of oxalates in PM2.5 decreased to 0.5%.  Regardless of insignificant variations among the 
fraction of oxalates in PM2.5, transboundary smoke of biomass burning enhanced oxalates 
concentration more than two times (98 ng/m3 in week 1 vs. 208 ng/m3 in week 3).  In 2nd 
week, oxalates were also increased to 194 ng/m3 although there were only 3 days out of the 
week experiencing the influence of transboundary smoke.  In week 4, a rain fall of 73.6 mm 
observed on the 1st day of the week could scavenge transboundary pollutants and 
substantially decrease oxalates concentration (75 ng/m3).  
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Table 4.7: Chemical compositions (presented in percentage (%) and average concentration (ng/m3)) of fine particles in various studies 
 Condition 
 
SO42- NO3- Cl- NH4+ Na+ K+ Oxalate OC EC 
This study 
- Week 1 
 
- Week 2 
 
- Week 3 
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Huang et al. (2005) Clear days 24.9 9.7 0.3 14.3 - - 8.4 24.2 4.7 
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Pakkanen et al. 
(2001) 
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Chapter 5: CONCLUSIONS AND RECOMMENDATIONS 
 
5.1  Conclusions  
The major findings of the influence of transboundary smoke on urban particulates are 
summarized as follows: 
• Atmospheric particulates in Singapore generally appeared in bimodal distribution, 
peaking at cut-off size of 0.384 and 4.1 µm.  Transboudary smoke reinforced mass 
concentration of particulates without changes in size distribution pattern (bimodal). 
• Oxalates in bulk particulates were elevated for 3.5, 2.6, and 1.6 times by 
transboundary smoke in the sampling periods of 2006, 2008, and 2009, respectively, 
implying that a significant increase in the total oxalates in particulates can feature the 
influence of transboundary smoke on urban particulates.   
• Only strong influence of transboudanry smoke resulted in significant correlation 
between PM2.5 and visibility (R2=0.85), as well as between PM2.5 and oxalates 
(R2=0.86). 
• The concentration of major ions changed in the order of SO42- > NH4+ > NO3- > Cl- > 
K+ > Na+ > Ca2+ > Mg2+.  All the quantified inorganic ions (SO42-, NH4+, NO3- and 
oxalates) accounted for 27.8%, 26.8%, 15.5%, and 19.1% of PM2.5 in weeks 1, 2, 3, 
and 4, respectively. 
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• Among the quantified inorganic ions, without influence of transboundary smoke, 
NH4+, K+, SO42- peaked at 0.384 µm with unimodal size distribution.  Mg2+, Ca2+, Cl-, 
and NO3- mainly resided in coarse particles peaking at 2.4, 4.1, or 6.7 µm.   
• NH4+ and SO42- concurrently peaked at 0.384 µm when there was influence of 
transboundary smoke in Singapore.  Correlation between NH4+ and SO42- enhanced 
from 0.76 (during the period without transboundary smoke) to 0.89 – 0.93 (under 
influence of transboundary smoke).  
• Transboundary smoke enhanced the fine-coarse ratio of K+ from 1.8 in week 1 to 7.2 
in week 3, demonstrating that K+ in fine particulates was substantially increased by 
transboundary biomass burning smoke.  
• Transboundary pollution decreased the fine-coarse ratios of both Mg2+ and Ca2+, 
indicating biomass burning smoke reinforced the presence of crustal particulates (or 
soil dusts) leading to elevated Mg2+ and Ca2+ in coarse particulates. 
• Size distribution of oxalates depends on the extent of influence of transboundary 
smoke of biomass burning; unimodal distribution, bimodal distribution, and trimodal 
distribution were observed when the atmosphere at the receptor site was unaffected, 
partially affected, and severely affected by the transboundary smoke, respectively.  
• Appearance of oxalates in nuclei mode (0.057 µm) under strong influence of 
transboundary smoke can be due to gas phase photochemical reactions of substantially 
increased hydrocarbons followed by gas particle condensation.  Oxalates peaked on 
0.384 µm, consistent with peak size of SO42-; the linear correlation (R2>0.82) between 
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oxalates and SO42- indicates their close association and potential cloud processing. The 
enrichment of oxalates at 2.4 µm could be attributed to heterogeneous formation of 
oxalic acid on surface of sea salt particles. 
 
5.2  Recommendations 
Further studies can be continued to improve understanding on effects of transboundary 
pollution on chemical characteristics of urban particulates, which include 
• Correlation between transport duration of smoke and resultant chemical characteristics 
of particulates at receptor sites. 
• Effects of transboundary pollution of biomass burning smoke on organic composition 
of urban aerosols. 
• Effects of transboundary pollution of biomass burning smoke on size distribution of 





Correlation between bulk particulates and oxalate 
Correlation 2006 2008 2009 
Oxalate and PM2.5  
  Overall 
  With transboundary 























0.029 0.057 0.094 0.156 0.263 0.384 0.615 0.952 1.6 2.4 4.1 6.7


































In this study, back trajectories of air samples were performed using HYSPLIT, which is 
available on http://ready.arl.noaa.gov/HYSPLIT.php. Below briefly describes the operation 
of HYSPLIT with input parameters: 
• In HYSPLIT-WEB (Internet-based), select “Run HYSPLIT Trajectory Model”. 
• Select “Compute archive trajectories” to check back trajectories of collected 
samples. 
• Select Number of Trajectory Starting Locations is 1 (indicating there was 1 
sampling location), and Type of Trajectory is Normal. 
• In selecting meteorological data, select GDAS (global) which is the commonly 
used and worldwide applicable data. Input Latitude and Longitude of the sampling 
location is the next step. In this study, the Lat and Long of the sampling location 
were 1.3 and 103.76, respectively. 
• Select a date which needs to compute back trajectories (sampling date is selected to 
compute back trajectories of the collected samples). 
• A set of input parameters was selected as follow:  
- Trajectory direction: backward. 
- Vertical motion: isobaric. 
- Start time: sampling date and time (year/month/day/hour). 
- Total run time (hours): 24, 48, 72 or 96 hours (depend on what back 
trajectories we would like to check) 
- Level height: 67 (elevation of sampling the point), 500, 1000, 1500 
(elevations normally used in other back trajectories studies. 
- Other display options were remained as default. 
• After computing (for few minutes), model will provide users a map of back 












Examples on identification of transboundary pollution 
12 Oct 2006 
 
13 Oct 2006 
 
19 Oct 2006 
 








19 Oct 2008 
 
20 Sep 2008 
 
22 Sep 2008 
 










10 Sep 2009 
 
12 Sep 2008 
 
22 Sep 2009 
 













Oxalates to PM2.5 ratio in sampling periods of 2006, 2008, and 2009 
Sampling period Oxalates to PM2.5 ratio 
 With transboundary pollution Without transboundary pollution 
2006 0.018 ± 0.004 (n=14) 0.016 (n=2) 
2008 0.018 ± 0.003 (n=11) 0.011 ± 0.003 (n=16) 
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